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Abstract:
Although many differences in the behavior of men and women resemble
those of other mammals, their developmental roots remain hotly debated due to
the strong force of culture, including gender socialization, on human behavior.
However, we can examine alternative and complementary mechanisms by
studying chimpanzees, a closely-related species with complex sociality but
without gender socialization. This dissertation comprises a multi-year,
observational study of wild chimpanzee development examining three potential
drivers of sex-typed social behavior: social experience, underlying differences in
attention, and hormonal physiology. Immature chimpanzees experienced
differential aggressive exposure that was shaped by their own early-emerging
behavioral patterns. Both sexes attended similarly to nearby affiliative
interactions, but males were more likely initiate affiliation after watching. Finally,
chimpanzees exhibited human-like prepubertal increases of the adrenal
androgen, DHEAS. These results identified multiple pathways toward sexuallydifferentiated social strategies that could also operate to shape human behavior,
even in the absence of gender socialization.
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CHAPTER ONE: INTRODUCTION AND METHODOLOGY
Background:
Like other mammals, humans exhibit pronounced sex differences in adult
sociality. Across cultures, men are more likely to engage in risky behaviors,
including physical competition and aggression, to gain status within peer-group
hierarchies (Archer, 2009; Campbell, 2007; Wood and Eagley, 2002). Women, by
contrast, are more risk-averse and nurturing (Hoffman, 1977), and use physical
aggression far less often (Campbell, 1999, 2007; Swahn et al. 2013). These
differences are thought to be rooted in differing constraints on male and female
reproduction that are highly conserved (Darwin, 1871; Emlen and Oring, 1977;
Clutton-Brock, 2016; Trivers, 1972). However, the evolutionary origins of sex
differences in human social behavior remain contentiously debated among
anthropologists, psychologists, and sociologists.
This is due, in large part, to gender-socialization across human cultures
whereby parents and other community members actively teach, reward, and/or
reinforce culturally defined “masculine” and “feminine” behaviors (Edwards et al.,
2003; Lew-Levy et al., 2018; McIntyre and Edwards, 2009; Pomerleau et al.,
1990; Raffaelli and Ontai, 2004; Witt, 1997; Wood and Eagly, 2002). Crossculturally, adults treat boys and girls differently from birth (Bem, 1981; Condry
and Ross, 1985; Eccles et al., 1990; Endendijk et al., 2017). For example,
humans exhibit stark gender differences in aggression and boys’ physical
aggression is generally considered more acceptable by parents and other adults,
across cultures, whereas girls’ is more strongly discouraged (Archer, 2004;
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Condry and Ross, 1985; Edwards, 2002; Grace et al., 2019, Ruble et al., 2006;
Susser and Keating, 1990). Further, parents and other adults are more likely to
use physical control and corporal punishment to correct the behavior of boys
compared to girls (Lansford et al., 2010), especially when they adhere more
strictly to gender-stereotypes (Endendijk et al., 2017). Thus many argue that
such differential treatment and gendered socialization are the root causes of
gendered differences in aggression (Bandura, 1969; Bauer, 2006; Best, 2010;
Chaplin et al., 2005; Crick et al., 2006; Dayton and Malone, 2017; Hay, 2017;
Lytton and Romney, 1991; Keenan and Shaw, 1997; Mandara et al., 2012;
Ostrov and Godleski, 2010; Ruble, Martin, and Berenbaum, 2007; Tremblay,
2008; Tremblay et al., 2004; Witt, 1997; Wood and Eagly, 2012). However, sex
differences in aggression and other social behaviors are detectable before-or
even in spite of- the opportunity for “learning” gender (Hines 2003), suggesting
that active gender socialization alone cannot explain the development of sex
differences in social behavior.
Human infants can begin to recognize their own gender as early 17
months old (Zosuls et al. 2009), but sex differences in visual preferences can be
observed even among day-old neonates (Conellan, et al., 2000). These
differences have been directly linked to prenatal androgen exposure (Lutchmaya
et al. 2002). While infant girls prefer looking at faces (Conellan, et al., 2000) and
make more eye contact (Lutchmaya et al., 2002), boys spend more time looking
at social groupings (Benenson et al., 2004) and moving objects, like mobiles and
toy trucks (Alexander et al., 2009; Conellan et al., 2000; Lutchmaya and Baron-
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Cohen, 2002). As early as 6-9 months old, infant boys are more attentive to
propulsive motions made by adults, and, subsequently, more likely to imitate
them, especially when exposed to a same-sex model (Benenson et al. 2011).
Thus, underlying differences in attention not only precede gender socialization
but may also contribute to emerging gender differences in behavior.
Sex differences in social behavior have also been linked to early androgen
exposure in humans and nonhuman primates. By 18-24 months, boys exhibit
strong preferences for mechanical toys and play more roughly while girls prefer
to play with domestic objects and dolls (Blurton Jones and Konner, 1973;
Pelligrini and Smith, 1998; Serbin et al., 2007; Yu et al., 2010), a difference that
increases through early childhood (5-7 years old,, Ruble et al. 2007). However,
gendered play patterns among Western humans can be reversed when girls
experience heightened androgen exposure during development despite female
gender identification and socialization (Berenbaum and Beltz, 2016; Hines,
2003). This clinical human research echoes numerous findings from
experimental hormone manipulations using animal models suggesting that
androgens play a crucial role in shaping sex differences in behavior (for review
see Meredith, 2015; Smith et al., 2013; Wallen, 2005).
Many differences in boys’ and girls’ play are shared with other mammals,
especially primates. Across the animal kingdom, males tend to use more roughand-tumble play styles (Beatty, 1984; Maestripieri and Ross, 2004; Olioff and
Steward, 1978; Pellegrini et al., 2007; Pellegrini and Smith, 2005; Pereira and
Fairbanks, 2002; Sachs and Harris, 1978). Among primates, females dedicate
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more play time to “mothering” behaviors (Lancaster, 1971; Pellegrini and Smith,
2005; Pereira and Fairbanks, 2002). For instance, wild chimpanzees at in Kibale
National Park, Uganda exhibit sex differences in object play with females more
likely to carry sticks in a fashion similar to mothers carrying infants, whereas
males are more likely to use sticks as weapons during play fights (Kahlenberg
and Wrangham, 2010). Additionally, experimental studies have shown that
captive monkeys may share similar sex differences in toy preferences despite
lacking gender-based socialization (Cercopithicus aethiops: Alexander and
Hines, 2002; Macaca mulatta: Hassett et al., 2008). That we share these patterns
with non-human primates may indicate that their evolutionary roots precede
human notions of gender.
Despite being so well-studied, human sex differences remain contentious
for several reasons. First, it is extremely difficult to disentangle alternative
developmental mechanisms from cultural influences among humans because
they are ever-present (Lonsdorf, 2017; Meredith, 2015). Second, while it is highly
likely that gender-based socialization interacts with other forces, such
interactions have rarely been investigated (Fausto-Sterling et al., 2012a/b). Third,
despite ample evidence that both early life experience and underlying biological
differences play important roles in shaping sex differences during development,
these forces are often falsely dichotomized, for example into the common “nature
vs. nurture” paradigm. and have rarely been considered simultaneously (FaustoSterling et al., 2012 a/b; Meredith, 2013, 2015; Wallen, 1996). Further,
developmental studies that can resolve these outstanding issues are
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methodologically very difficult among humans due to ethical proscriptions against
experimentally manipulating early life human experience and the difficulties of
longitudinal human research (Lonsdorf, 2017; Meredith 2013, 2015).
Comparative studies that investigate developmental processes and mechanisms
among our closest living relatives can provide insights into the evolutionary and
developmental origins of human behavioral patterns.
Chimpanzees are an excellent model for such an investigation as they
share many life history characteristics with humans, including lengthy juvenile
periods (Smith, 1992) and sexually dimorphic growth patterns (Zihlman et al.,
2007). Though many aspects of male and female chimpanzee social behavior
differ from humans, broad patterns in the orientation of social bonds and the use
of aggression are similar (Campbell, 2007; Benenson et al. 2009, 2012;
Wrangham and Smuts, 1980). Male chimpanzees are highly social and form wide
networks of bonds with other males (Emery Thompson and Wrangham, 2006;
Gilby et al., 2013; Goodall, 1986; Watts, 2018). Like men, male chimpanzees
also engage in frequent status competition and are more physically aggressive
than females (Goodall, 1986; Muller 2002; Muller and Mitani, 2005). Like women,
chimpanzee females exhibit direct aggression or status-striving behavior less
frequently than males (Foerster et al., 2016; Goodall, 1986; Muller, 2002;
Wrangham and Smuts, 1980). Rather, they generally gain status through tenure
in the community (Foerster et al., 2016). Female chimpanzees are often
regarded as less gregarious than males as they spend less time grooming with
other group members (Gilby and Wrangham, 2008; Machanda, Gilby, and
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Wrangham, 2013; Pepper, Mitani, and Watts, 1999) and more time ranging alone
or with dependent offspring (Otali and Gilchrist, 2006; Wrangham and Smuts,
1980)1.
Similar to humans, signs of sex differences in sociality emerge during
infancy and gradually become more extreme with age. Compared to females,
infant males at Gombe interacted with more available social partners (Lonsdorf et
al., 2014a) and began traveling independently at earlier ages (Lonsdorf et al.,
2014b). In two small studies of chimpanzees at Gombe, such differences
increased through juvenility and adolescence with males spending more time out
of their mothers’ proximity at earlier ages than females and attempting to join
other social parties, especially parties with adult males, more often than females
(Pusey, 1983; Pusey, 1990). However, unlike humans, there is scant evidence
for teaching among chimpanzees, let alone active reinforcement of sex roles
(Hirata and Celli 2003; Schuppli et al., 2016; Whiten and van de Waal, 2018).
These particular similarities in chimpanzee and human sociality and life history
characteristics, paired with differences in teaching and learning provide critical
opportunities to study mechanisms of social development that underlie gendered
socialization in humans.

Project Objectives and Hypotheses:
The objective of this dissertation is to shed light on the evolution and
development of human behavioral sex differences by examining ontogenetic
mechanisms that shape behavioral sex differences among our closest living

7

relatives, chimpanzees. I investigated three hypothesized developmental
influences that may drive the emergence and development of sex differences in
social behavior in chimpanzees and humans: early social exposure, underlying
differences in attention, and androgen hormone production. As it is likely that all
three factors affect behavioral development to at least some degree (Wallen
1996, 2005, Meredith 2013, 2014), these hypotheses are not mutually exclusive.

H1: Sex differences in social behavior arise from differences in social exposure
during development.
Experimental studies using animal models have shown that early life
social experience can be critical to the development of sex-typed behaviors,
including aggression (Cross and Harlow, 1965; Groothuis 1989 a/b; Patoka et al.,
2019). For example, without exposure to adult social partners, male blackheaded gulls do not achieve adult-like forms of characteristic agonistic displays
(Groothuis 1989 a/b; Groothuis and Mulecom, 1991). Early experiments on
macaques found that socially isolated monkeys exhibited abnormal patterns of
aggression that could only be reversed when monkeys were removed from
isolation before 6 m.o. (Cross and Harlow, 1965; Harlow and Harlow, 1962).
Together, these studies indicate that social exposure is not only integral to
behavioral development, but also that immatures require access to the right
types of social models during specific, critical windows during development.
While such studies leverage extreme cases of social deprivation to identify and
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examine developmental mechanisms, much less is known about the scope of
natural variation in social experience and its effects on social development.
Humans exhibit stark sex differences in aggression that are detectable by
2-3 years old and increase in magnitude through childhood and adolescence
(Hay, 2017; Dayton and Malone, 2017; Tremblay et al., 2005). Like other gender
differences, men’s and boy’s increased aggression is often explained as the
result of gendered socialization (Bandura, 1969; Crick et al., 2006; Dayton and
Malone, 2017; Keenan and Shaw, 1997), despite that this pattern so closely
mirrors what we observe in other species.
Exposure to violence and its effects on children’s aggressive behavior
have been extensively studied in the contexts of clinical psychology and
criminology, including many reports that children, and especially boys, exposed
to physical abuse are at a higher risk for using more aggression and becoming
abusive themselves (Buckner et al., 2004; Edleson, 1999; Holt et al., 2008;
Jennings and Reingle, 2012; Kerig 1996, 1998; Lauristen et al., 2009; Widom,
1989). However, like animal experiments, such studies focus exclusively on
extreme and traumatic social conditions whereas normative aggressive exposure
has rarely been studied among children. In the few cases where it has been
addressed, research has relied on self-, parental, and others’ reports rather than
observational data, which may lead to inherent biases associated with
respondents’ preconceived notions of masculine and feminine behavior.
Sex differences in aggression could result from differences in experience
in the absence of gendered socialization if males and females are exposed to
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different social climates and/or are also treated differently during exposure.
Immature chimpanzees may experience substantial variation in social experience
due to the flexible and dynamic nature of their fission-fusion social systems
(Aureli et al., 2008; Murray et al. 2014). Chimpanzee mothers generally avoid
ranging with adult males to avoid feeding competition (Wrangham and Smuts,
1980) and male aggression (Lowe et al., 2019, 2020; Otali and Gilchrist, 2006).
However, a study at Gombe found that, compared to their daughters, when
individual chimpanzee mothers has very young sons (under 6 m.o.), they ranged
in parties with adult males more often (Murray et al. 2014). Lonsdorf et al. (2014)
concluded that these differences in ranging led male infants to interact with more
adult male social partners as a result of increased exposure to adult males. While
the focus of this work was on affiliative interactions, young males could similarly
be exposed to increased aggression when they spent more time in parties with
aggressive males. Further, increased proximity to and interactions with adult
males might put them at greater risk for directly receiving aggression as well.
Both forms of exposure, witnessing aggression and directly receiving it could
potentially contribute to developing differences in the use of aggression if males
are exposed more than females.

H2: Sex differences in sociality arise from incipient differences in attention and
responsivity to social behavior.
Attention, often measured as looking time, corresponds with immediate
and downstream behavior in primates (Benenson et al., 2014; Jaeggi et al. 2010;
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Lonsdorf, 2005; Smith et al., 2014; Schuppli et al., 2016). Sex differences in
attention and social learning have been documented among chimpanzees where
young females watched mothers’ termite fishing bouts more closely from earlier
ages, which resulted in females mastering termite fishing skills earlier than males
and using techniques that more closely mirrored their mothers’ (Lonsdorf, 2005;
Lonsdorf et al., 2004). As adults, female chimpanzees rely on termite fishing
more than males (O’Malley and Power, 2012). Thus, early differences in attention
to and social learning in this foraging skill reflect adult sex differences in foraging
strategies.
Most studies of attention among the great apes have focused on the
relationship between looking time and attaining complex foraging and tool-use
skills (Jaeggi et al. 2010; Lonsdorf, 2005; Schuppli et al., 2016; Whiten and van
de Waal, 2018). By contrast, studies of human infants have focused on attention
to social stimuli with infant boys exhibiting preferences for groups of objects and
moving objects while infant girls prefer single faces (Benenson et al., 2004, 2011;
Connellan et al., 2000; Lutchmaya and Baron-Cohen, 2002). Young boys are
also more likely to imitate propulsive or punching motions, especially when
exposed to adult men modeling the behavior (Bandura, Ross and Ross, 1961;
Benenson et al., 2011). However, similar studies do not exist for chimpanzees.
In primates social grooming functions as a means to build and maintain
social relationships (Dunbar, 1991; Henzi and Barrett, 1999) and is the most
common affiliative interaction among adult chimpanzees (Goodall, 1986). Like
other primates, there are sex differences in chimpanzee social grooming with the
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philopatric sex, in this case males, grooming more often and with a wider network
of partners (Gilby and Wrangham, 2008; Lehman and Boesch, 2008; Machanda
et al, 2013). Grooming skills and sex differences in grooming follow a gradual
ontogenic trajectory during development (Nishida et al., 1988) and sex
differences do not emerge until juvenility (5-8 years old; Lonsdorf et al., 2014b;
Pusey, 1983, 1990). This implies, first, that like other skills, grooming requires
learning and practice during ontogeny and, second, that sex differences in
sensitivity to social stimuli and social learning may contribute to their emergence.
Like termite fishing, male and female chimpanzees may differ in their attention to
social interactions and those differences could, in turn, contribute to the
development of sex differences in social behavior via social modeling. If so,
immature males should watch grooming interactions between nearest neighbors
for longer periods than females. Great apes also exhibit a watching behavior that
is indicative of social learning called “peering,” which involves watching from a
very close distance (Schuppli et al., 2016; Whiten, 2019). Peering often occurs
during complex foraging tasks, but also occurs in grooming contexts. Like
watching generally, males should signal increased interest in grooming
interactions by peering at them more often than females. Further, males should
also be more likely to begin a grooming bout after watching and/or peering at
grooming interactions.

H3: The divergence of male and female social strategies is associated with
increases of androgen hormones during development.
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The organizational hypothesis posits that androgen hormones act on the
nervous system during specific periods of development to permanently alter the
behavior of young males and females (Phoenix et al. 1959). Prenatal androgen
exposure can affect neural organization in utero with generally experiencing
much higher levels of fetal testosterone compared to females (reviewed in Smith
et al., 2013). Subsequent shifts in androgen production during development may
act to further sex differences in behavior by activating these substrates
(Alexander et al. 2009; Del Giudice et al., 2009; Ketterson et al., 2005; Wallen,
2005). Most research on postnatal androgens and behavior focuses on puberty
as the completed maturation of the gonads is associated with both rapid
increases in males’ testosterone levels, and increasingly large differences in
male and female behavior (Smith et al., 2013; Wallen, 1996, 2005). However,
many sex differences in sociality, including differences in aggression and
prosocial tendencies emerge and diverge between infancy and puberty
(Campbell, 2006; McIntyre and Edwards, 2009). In humans, many such
differences are concentrated during middle childhood (5-7 years old) and
coincide with another developmental event that marks the completed maturation
of the adrenal gland, adrenarche (Del Giudice, 2018).
In humans, adrenarche is associated with sharp increases in the adrenal
androgen dehydroepiandrosterone (DHEA) and its more-abundant sulfate,
DHEAS (Campbell, 2006; Havelock et al., 2004). Adrenarche is sexually
dimorphic as girls generally reach this stage earlier (but see Helfrecht et al.,
2018), but boys experience larger increases in DHEAS (Šulcová et al, 1997).
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Like humans, male and female chimpanzees produce similarly low levels of
testosterone prior to puberty (8-9 years old;; Behringer et al., 2014; Muller, 2017;
Wobber et al., 2013), and small studies of captive chimpanzees indicate that
DHEAS may be produced in higher levels during the juvenile period (Cutler et al.,
1978; Smail et al., 1982). However, limited sample sizes and cross-sectional
research design have thus far prevented comparisons between the sexes and
measuring how DHEA/S levels change throughout development.
Around the time of adrenarche, human boys and girls both become more
independent from caregivers and initiate more peer-interactions (Wiesner, 1996;
Campbell 2006). However, sex differences also emerge, as girls emphasize
dyadic social interactions and males prefer larger peer-groups (Belle, 1989;
Benenson, 1998). Similarly, chimpanzees at Gombe exhibit several sex
differences in sociality including males’ increased gregariousness and spatial
independence that emerge years prior to puberty (Lonsdorf et al. 2014a/b), at
ages that correspond with increased DHEA/S in captive chimpanzees. This
suggests that adrenarche may influence social behavior and the emergence of
sex differences in sociality, however, the relationship between DHEAS and
behavioral development has not yet been examined among nonhuman primates.
Sex-typed social strategies could develop or be enhanced by differences in the
timing and pace of hormonal development, as well as differences in the
magnitude of developmental increases in androgen production.
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General Methodology:
Study Site and Data Collection: As this investigation focuses on developmental
processes, my approach to measuring sex differences in social exposure,
attention, and androgen hormones combined cross-sectional comparisons with
longitudinal examinations of within-individual shifts over time. I collected 22
months of observational behavioral data and opportunistic urine samples from
immature chimpanzees ( < 10 years old, n = 30, f = 16, m = 14, Appendix A) of
the Kanyawara Community at Kibale National Park, Uganda including a 3-month
pilot season (2013) and three 6-month seasons in 2015, 2016 and 2017.
Kanyawara chimpanzees were originally habituated in 1983 (Isabirye-Basuta,
1988) and have been followed by the Kibale Chimpanzee Project (KCP)
continuously since 1987. All chimpanzees are individually recognized and
habituated. This community is an excellent fit for this project, including a
relatively large number of immatures ranging from newborn to 10 years old and
the birthdates of all chimpanzees included in this study are known to within 1
month (Appendix A).
KCP has collected data on activity budget, feeding, and ranging from
immatures since 2008. My study complemented this data by specifically targeting
immature’s social interactions in greater detail. During each field season, I
completed two-hour focal follows (Altman 1974) of immature chimpanzees. To
keep sample sizes as equal as possible, each day I prioritized individuals that
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had been followed least often. Whenever possible, I tried not to follow siblings in
the same day to maximize independence.
During each focal follow, I recorded four types of data. First, I recorded
party composition and proximity scans every 15 min, noting the identity of every
chimpanzee in the party as well as all individuals within 5 m of the focal. These
data were used to compare social exposure between male and female
immatures and control for social partner availability (H1, Ch. 1). Between scans, I
conducted 2-min-long opportunistic attention follows, video-recording the focal’s
attention to social interactions between their nearest neighbors (within 5 m).
Attention follows were used to compare the amount of time that males and
females spent looking at social interactions (H2, Ch. 2). Finally, I worked with
KCP field assistants to opportunistically collect urine samples either by catching
urine on clean plastic sheeting as it fell from tree or pipetting uncontaminated
samples from leaf litter (Muller, 2002). Urine samples were used to noninvasively track hormonal development (H3, Ch. 3).

Dissertation Overview: Each data chapter in this dissertation is devoted to
investigating one hypothesized driver of sex-typed sociality in one domain of
social behavior. Analytical approaches are detailed in their respective chapters.
Briefly, in chapter 1 I test the hypothesis that sex differences in adult use of
aggression correspond with exposure to aggression early in life. First, I used 12
years of long term, all occurrence aggression data collected by KCP (2005-2017)
to characterize aggressive exposure, measured as aggression witnessed and
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aggression directly received, in prepubertal chimpanzees (n = 51, f = 26, m = 25).
While differences in witnessing aggression were relatively small and consistent
throughout development, males were the victims of aggression 2-3 times more
often than similarly-aged females by 5-6 years old.
After identifying this sex difference, I combined aggression data with party
composition and proximity data that I collected in the field (2015, 2016, 2017) to
investigate whether the observed sex differences could be contributed to other
differences in early life social experience and behavior. While there were no
broad developmental differences in exposure or proximity to males, or spatial
independence from mothers during development that seemed to correspond
clearly with sex differences in aggressive experience, males began to display
more aggression than females around the same ages that they began to receive
more aggression. Finally, I matched data from my field work with aggression data
recorded during the same time periods to investigate how early life exposure and
social behavior corresponded with aggressive experiences at the individual level.
Rather than an independent effect of sex driving observed sex differences in
aggressive experience, the amount of aggression that immatures displayed was
the strongest predictor of how much they received.
Chapter 2 tests the hypothesis that, corresponding with adult differences
in social grooming, immature males are more attentive and responsive to nearby
grooming interactions (H2). To determine whether males watched grooming
interactions for longer or more closely than females, I coded video-recorded
attention follows with JWatcher1.0 (Blumstein, 2000), and the help of four
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undergraduate assistants. For each video we also scored whether the focal
individual began a grooming bout after exposure to one. Then I used GLMM to
track how time spent watching, peering, and the likelihood of beginning a
grooming bout after exposure differed between immature males and females
during development. While there was no sex difference in the amount of time that
males versus females spent watching grooming interactions between their
neighbors, individuals that watched for longer were more likely to engage in a
grooming bout after watching. Males, but not females, that watched more
intensely by peering were more likely to begin a grooming bout afterwards.
Finally, to examine adrenal androgen production throughout development,
I extracted DHEAS from urine samples at the Hominoid Reproductive Ecology
Lab at the University of New Mexico and assayed them following a modified
protocol from Behringer et al. (2012). I also assayed urine samples for another
primary product of the adrenals, cortisol, and drew from KCP’s long-term
endocrine database to measure developmental shifts in cortisol production. Then
I used GAMMs to track population-level and within-individual shifts in DHEAS
and cortisol. Chimpanzees exhibited increases in DHEAS that approximated
human-like adrenarche between 2-3 years old, several years younger than
human, and, unlike humans, there was no dimorphism in the timing or magnitude
of increases in DHEAS. Developmental shifts in cortisol production approximated
human patterns more closely, declining through early life before reaching a
pubertal nadir, and with increased urinary cortisol levels among males compared
to females emerging after puberty.
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Altogether, these three chapters begin building a comparative framework
for understanding how multiple facets of development, including early life
experience, aspects of individual and social learning, and hormonal physiology,
operate to shape behavior alongside gender socialization to shape human
behavior.
Footnote:
1

There is limited evidence that reduced female gregariousness is reduced

among west African subspecies of chimpanzees (Pan troglodytes verus)
compared to east African chimpanzees (P. t. schweinfurthii) Lehmann and
Boesch, 2008; Sugiyama, 1988; Sugiyama and Koman, 1979). As the subjects of
this dissertation are East African chimpanzees, I focused on the more robust sex
differences reported from long-term field sites of this subspecies.

19

CHAPTER 2: WILD MALE CHIMPANZEES (PAN TROGLODYTES
SCHWEINFURTHII) EXPERIENCE MORE AGGRESSION DURING
DEVELOPMENT THAN FEMALES

Abstract:
Gender-differences in human violence occur across cultures and are thought to
be influenced by active sex-role reinforcement. However, large sex differences in
aggression also exist in our close evolutionary relatives, chimpanzees, a species
that fails to exhibit active teaching but where long juvenile periods and complex
social systems afford ample scope for differential experience to shape behavior.
Here, we ask whether early life exposure to aggression is sexually dimorphic
among wild male and female chimpanzees. Using 12 years of all-occurrence
aggression data collected from the Kanyawara community of chimpanzees
(2005-2017), we determined that young male chimpanzees (n = 25) were victims
of aggression more often than females (n = 26) by 4-5 y.o. Then we combined
aggression data with data from a targeted social development study (2015-2017)
to investigate how early life sociality affected aggressive exposure (n = 25, f = 14,
m = 11). There were no sex differences in time spent with or near to adult males,
and neither did spatial independence from mothers easily explain why young
males received increased aggression. Instead, the strongest predictor of how
much aggression immatures received was the amount of aggression that they
displayed, and males displayed more aggression than females by about 5-6 y.o.
Our data suggest that juvenile male chimpanzees are specifically targeted by
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aggressors, but that may occur largely due to their own emerging aggressive
behavior. Thus, male chimpanzees may be innately more inclined to aggression
as juveniles, and this tendency may be magnified by their social environment.

Introduction:
In many animal societies, aggression is integral to negotiating access to fitnessenhancing resources, such as food and mating opportunities. Sexual selection
and parental investment theories predict that social strategies employed by
males, including the frequency and forms of aggression, will often differ from
those of females, owing to differing constraints on male and female reproduction
(Darwin, 1871; Trivers, 1972; Emlen and Oren, 1977). Whereas males are
generally expected to use riskier, more costly forms of physical aggression in the
context of mating competition, females are expected to reserve such behaviors
for protecting offspring and defending resources (Clutton-Brock, 2016). These
behavioral differences emerge between birth and reproductive maturity through
social and physiological developmental processes including early life social
exposure and social learning.
The impacts of social exposure on aggressive development have been
studied intensively among human children. Like other mammals, humans exhibit
marked sex differences in physical aggression. Across cultures men are more
likely than women to start physical fights (Campbell, 1999, 2007; Swahn et al.
2013), commit violent crimes (Heimer and Coster, 1999; Lauristen et al., 2009;
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Smith and Visher, 1980) and die violent deaths (Owens, 2002). Increased
physical aggression among boys is detectable by 2-3 y.o., diverging further with
age, and is often explained as the result of the active teaching and reinforcement
of societal norms, including gender-specific rules surrounding the use of physical
aggression (Bauer, 2006; Best, 2010; Chaplin et al., 2005; Crick et al., 2006;
Mandara et al., 2012; Endendijk et al., 2017; Hay, 2017; Lew-Levy et al., 2018;
Lytton and Romney, 1991; Ostrov and Godleski, 2010; Ruble, Martin, and
Berenbaum, 2007; Tremblay, 2008; Tremblay et al., 2004; Witt, 1997; Wood and
Eagly, 2012). Cross-culturally, boys’ physical aggression is generally considered
more acceptable by parents and other adults, whereas girls’ is more strongly
discouraged (Archer, 2004; Condry and Ross, 1985; Edwards et al., 2003; Grace
et al., 2019; Susser and Keating, 1990).
While it is clear that active socialization contributes to gender differences
in human aggression, as cross-cultural comparisons reveal variation in norms
about aggression (Best, 2010; Munroe et al., 2009), socialization (Best, 2010;
Lansford, et al., 2010) and the magnitude of sex differences in aggression
(Archer, 2004; Swahn et al., 2013), nowhere are women more violent than men.
This cross-cultural consistency, in combination with the occurrence of similar sex
differences in other primates, which do not engage in active teaching (Schuppli et
al., 2016; Whiten and van de Waal, 2018), suggests that humans may have
inherited this behavioral pattern from our evolutionary ancestors (Meredith,
2013). However, socialization is so pervasive among human communities that it
is difficult to evaluate the contribution of other mechanisms.
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One such mechanism is neurophysiology, as evidence from a variety of
species indicates that androgens exert both organizational and activational
effects on male behavior that promote aggressive competition with other males
(reviewed in Archer, 2006, 2009; Dixon, 1980; Trainor, Sisk, and Nelson, 2009;
Wallen, 2005). These effects are particularly salient during puberty as the gonads
produce increasing amounts of the androgen testosterone. A less well-explored
possibility is that sex differences can emerge from differences in social
experience. In other words, sex differences may be learned without ever being
taught.
Experimental social isolation studies using animal models have
underscored the importance of early life social experience in the development of
aggression across the animal kingdom (crayfish (Procambarus clarkii) Patoka,
Kalous, and Bartoš, 2019; black-headed gulls, (Larus ridibu), Groothuis 1989a/b,
Groothuis and van Mulekom, 1991; macaques, (Macaca mulatta), Cross and
Harlow, 1965; Mitchell et al., 1966; Novak and Harlow, 1975). For example, while
black-headed gulls express aggressive territorial responses even when raised in
isolation, they do not develop species-typical agonistic displays unless raised in
groups with exposure to adult models that perform them (Groothuis and
Mulekom, 1991). This suggests that, like other complex behaviors, components
of agonistic behavior, including the details of when, how, and toward whom to
direct aggression is socially learned through observation or direct interaction with
older, more experienced social models (Bandura, 1973; Groothuis and Mulekom,
1991; Whiten and van de Waal, 2018). As instrumental as this work may be to
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identifying candidate mechanisms that shape behavior during development, such
studies impose unnaturally extreme rearing conditions. By observing
development in free-living animals, we can examine natural variation in social
exposure and how it may operate to shape behavioral development.
Like humans, chimpanzees exhibit stark differences in the use of
aggression as adults (Goodall, 1986; Muller, 2002). Although adult chimpanzees
of both sexes display acts of aggression ranging from mild threatening gestures
and vocalizations to brutal, even lethal, physical attacks, males use aggression
up to 14 times more often (Muller, 2002) and in different contexts than females
(Goodall, 1986; Muller, 2002; Newton-Fisher and Emery Thompson, 2012;
Wrangham, 1999). Males rely on frequent dominance displays and aggressive
contact with conspecifics to navigate within-group dominance hierarchies (Muller,
2002; Muller and Mitani, 2005). They also form aggressive coalitions to defend
territories against neighboring groups more often than females (Gilby et al., 2013;
Muller and Mitani, 2005; Watts, 2018). In mating contexts, male chimpanzees
use aggression to increase access to fertile females (Muller, 2002; Muller,
Kahlenberg, and Wrangham, 2009). Although infanticide is relatively rare among
chimpanzees and both sexes have been known to engage in infanticide, most
records of attempted and successful infanticide have been done by adult males,
(Goodall, 1997; Lowe et al., 2020; Townsend et al., 2007; Pusey et al., 1997).
When females use aggression, which occurs far less frequently, they do so in
defense of offspring (Goodall, 1986; Markham et al., 2015; Muller, 2002) or in
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competition over food (Kahlenberg et al., 2008; Murray et al., 2007; Muller, 2002;
Townsend et al., 2007).
Chimpanzees’ long developmental periods and complex social systems
afford ample scope for differences in experience to shape adult social behavior.
They live in large, multi-male, multi-female communities that regularly break up
into fluid subgroups or parties throughout the day (Goodall, 1986; Halperin, 1979;
Matsumoto-Oda et al., 1998; Mitani, et al., 2002; Williams et al., 2002). Unlike
more rigid social grouping, this ‘fission-fusion’ social system affords adults
considerable flexibility and choice in their associations (Aureli et al., 2008; Murray
et al., 2014; Nishida, 1968). As young chimpanzees remain socially dependent
on their mothers until at least 8 years of age (Goodall, 1986; Pusey, 1990), they
may experience substantial variation in early life social exposure due to maternal
ranging preferences (Murray et al., 2015).
Here, we use long-term behavioral data from wild chimpanzees in the
Kibale National Park, Uganda, to investigate whether differences in early life
experience have the potential to influence sex differences in the use of
aggression. Our first prediction was that immature male chimpanzees are
exposed to more aggression during development. We used all-occurrence
aggression records taken over 13 years (2005-2017) to determine whether young
males witness or directly receive higher rates of aggression compared to similarly
aged females during development.
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Our second aim was to determine whether there were sex differences in
early life social experience that might contribute to increased exposure to
aggression. Using focal data on immatures (2015-2017), we examined sex
differences in four pathways by which immature male chimpanzees might be
exposed to more aggression than females. We predicted that (1) immature male
chimpanzees spend more time than females associating in parties with adult
males, the age-sex class exhibiting the highest rates of aggression. Preliminary
evidence for this comes from Gombe, where mothers spend more time in parties
with adult males when they have infant sons versus daughters, though this
difference was limited to infants under six months old (Murray et al. 2014). We
also predicted that immature male chimpanzees would (2) spend more time in
close proximity to adult males, and/or (3) less time in close proximity with their
mothers, which may increase the risk of receiving aggression (Lonsdorf et al.,
2014b; Pusey 1983, 1990). Chimpanzee mothers tend to keep their infants in
closer proximity when adult males are present, suggesting they perceive
increased risk (Lowe, et al., 2019; Otali and Gilchrist, 2006). Finally, we
examined whether (4), even while immature, male chimpanzees exhibit more
aggressive behaviors than females. Though sex differences in the use
aggression among juveniles has rarely been reported, a range of studies suggest
that juvenile male primates are more likely than females to use aggressive forms
of play (reviewed in Biben and Suomi, 1993; Fagen, 2002). When aggressive
development has been studied, juveniles began to receive more aggression as
they start to compete aggressively for social status (bonnet macaques (Macaca
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radiata): Silk et al., 1981; baboon sp.: Pereira, 1988, 1989a/b; Cheney, 1977).
Thus, it is plausible that young chimpanzee males could receive more aggression
from others out of retaliation for their own behavior. Our third aim was to
construct a multivariate model to test directly test whether differences in any of
the social experience variables predicted individual differences in aggression
received.
Materials and Methods
Study Site and Population: Data were collected from the Kanyawara community
of wild chimpanzees in Kibale National Park, Uganda. Originally habituated by
Isabirye-Basuta from 1983-1985 (Isabirye-Basuta, 1988), this community has
been followed continuously by researchers and highly trained local field
assistants of the Kibale Chimpanzee Project since 1987. All chimpanzees are
habituated to human observers and individually recognized. Over the course of
the study, the Kanyawara community ranged from 41-54 chimpanzees, including
8-11 adult males, 13-18 adult females, 9-17 immature males, and 6-16 immature
females. Birthdates are known to within one month for all immatures included in
this study.
Data Collection and Analysis:
Exposure to Aggression: We used all-occurrence aggression from the Kibale
Chimpanzee Project (2005-2017) to examine early life exposure to aggression.
During each day of KCP data collection, researchers and field assistants work in
teams to collect observational nest-to-nest focal follows paired with group-level
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data. At 15-min intervals throughout each day, observers record party
composition scans including the identity of all individuals within 50 m of each
other. Observers recorded all occurrences of aggression (Altmann, 1974), which
is made possible by the conspicuous nature of chimpanzee agonism. Aggressive
behaviors included charging displays (both vocal and non-vocal), chases, and
attacks, defined as any instances of aggression that involved bodily contact
(following Goodall, 1986, described in detail in Nishida et al., 1999 and Muller,
2002). For each aggressive behavior and/or interaction, observers recorded the
identity of the aggressor and any targeted victims, as well as a detailed
description of the aggressive behaviors displayed and any responses by victims
or other party-members. 59,751 aggressive incidents were recorded over the
course of the study and 27,669 of those were decidedly targeted at one or more
victims.
We extracted data on the early life aggressive experiences of immature
chimpanzees focusing on prepubertal individuals (under 9 y.o.) to capture
variation in early life experience that occurs before pubertal surges in gonadal
hormones (n = 51, f = 26, m = 25). We considered two elements of aggressive
exposure. Aggression witnessed included any instance of aggression that
occurred while a given immature was present in the party, whether or not there
was a specific, targeted victim. Aggression directly received from other group
members was measured as the number of times that a given immature was
identified as a victim at a given age (see Table S1 for descriptive and summary
statistics). We calculated aggression witnessed and received per hour observed
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for each immature in half-year age intervals from birth to 9 y.o. Then we used
generalized linear mixed-models (GLMM, lme4 ver.1.1-21, Bates et al., 2015;
MASS ver.7.3-50, Ripley et al., 2013) to identify and characterize any sex
differences in the amount of aggression that young chimpanzees witnessed and
directly received. Sex, age, and their interaction were included as fixed effects in
each model (see supplement for additional details). We included individual
identity nested within mother’s identity as random effects in all models to account
for unequal sampling of individuals and possible maternal effects.
Early Sex Differences in Sociality: To investigate early sex differences in social
exposure and behavior, KHS focal-followed immature chimpanzees (n = 25,
females = 14, males = 11), collecting detailed spatial data over three seasons
from Jan-Aug of 2015, 2016, and 2017 (see Table S2 for summary statistics). We
used GLMM (lme4 ver.1.1-21) to examine the relationships between age, sex,
and three metrics of early social life (see supplement for further detail): (P1)
party-level exposure to adult males (P2) time spent in close proximity to adult
males, and (P3) spatial independence from mothers. Each metric was calculated
for each 2-hour focal follow, which comprised the unit of analysis. Age was
calculated on the day of each follow. Finally, (P4) we drew from the long-term
aggression records from KCP, as above, to investigate early emerging
differences in the use of aggression by male and female chimpanzees.
Integrated Model of Aggressive Experience and Early Sociality: Finally, we
examined how aspects of individuals’ social lives contributed to the amount of
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aggression they received. We matched KCP all-occurrence aggression data to
early life experience data by calculating season averages of spatial
independence, exposure to adult males, and proximity to available adult male
partners for each immature (n = 25, f = 14, m = 11) and extracting matching
aggression data from the duration of each season (Jan-Jul 2015, 2016, and
2017).
Then we used a multimodel (GLMM) selection procedure (R package
MuMin ver. 1.43.15, Bartoń and Bartoń, 2019), that iteratively tests and compare
all the possible models from a list of potential predictors, to identify which
combination of early life social variables best-predicted aggression received. Our
initial full model (see supplement for details) included all early life social variables
and their interactions. Sex and age were included as main effects to determine
whether either had independent effects on aggression received and we also
allowed each early life variable to interact with age and sex. Each variable was
centered and standardized to the mean using z-scores. As in previous models,
we also included an offset for hours observed, and random effects of season,
and individual identity nested within mother.
Results:
Males are Exposed to More Aggression: Males witnessed slightly but significantly
more aggression than females (GLMM, Int = -1.046+0.06, p <0.001, β =
0.191+0.07, p = 0.01, Fig. 1a, Table 1) and there was no relationship between
age and aggression witnessed (β = -0.001+0.01, p = 0.57). There was a more
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pronounced difference in the amount of aggression that males and females
received. Immatures – primarily juveniles -- were victims in 3082 cases of
targeted aggression (11% of all targeted aggression). Both sexes received more
aggression as they aged (GLMM, Int.= -1.982 + 0.224, p < 0.001, β = 0.786 +
0.03, p < 0.001, Fig. 1b, Table 1), but this interacted with sex such that the
increase was greater among males compared to females (β = 0.281+0.04 p <
0.001), leading males to receive more aggression than females by about 4-5 y.o.
Most of the aggression received by immatures came from adult males (Fig. 2,
Table S3, n = 979, 31.7%), non-mother adult females (n = 816, 26.5%), and
adolescent males (n = 502, 19.5%). Mothers almost never aggressed their
offspring (n = 85, 2.8%).
Fig. 1. Sex differences in aggression (a) witnessed and (b) directly received
during development.

Immature males (n = 24) both (a) witnessed, and (b) directly received more
aggression per hour observed compared to females (n = 25) during development.
Females are shown in red, circles, and dashed lines and males are in blue,
triangles and solid lines.
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Table 1: Model results for each early life aggressive and sociality variable by age and sex
Experience Variable
Aggression Witnessed
Aggression Received
Aggression Displayed
> 5 m from Mother
> 1 Adult Male in Party
> 1 Adult Male within 5 m

Data
Source
KCP
KCP
KCP
KHS
KHS
KHS

Model
Distribution
Quasipoisson
Negative Binomial
Negative Binomial
Poisson
Poisson
Poisson

Intercept
-7.286 + 0.15
-7.970 + 0.18
-9.850 + 0.28
-3.957 + 0.24
-0.714 + 0.07
-1.090 + 0.24

***
***
***
***
***
***

Age
-0.024 + 0.02
0.551 + 0.03
0.624 + 0.04
0.467 + 0.04
0.004 + 0.01
-0.060 + 0.05

***
***
***

Sex
0.191 + 0.07
0.498 + 0.19
0.784 + 0.24
-0.642 + 0.32
-0.055 + 0.05
-0.615 + 0.38

**
**
**
*

Model summaries of early life sociability with age and sex. All significant model parameters shown in bold. Stars (*)
denote coefficient significance (*p<0.5, **p<0.01, ***p<0.001). All models were initially run with interaction term
(age*sex) and interaction terms were subsequently removed if they were both non-significant and did not improve
model fit.
Fig. 2: Sources of aggression against immature chimpanzees. Adult males (n = 979), non-mother adult females (n =
816), and adolescent males (n = 602) represented the largest sources of aggression, respectively, against immature
chimpanzees.
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Sex Differences in Early Sociality: Next we investigated whether sex differences
in other aspects of social development put males at higher risk of receiving
aggression (see Table S3 for results from all models). There was no significant
difference in the frequency with which immature females and males were found
in parties with at least one adult male (Fig. 3a) or the amount of time that young
males and females spent in close proximity to adult males (Fig 3b). Finally, while
there was a sex difference in time spent beyond 5 m from mothers, it was
opposite to the direction predicted. While all immatures spent more time outside
of their mother’s 5m proximity as they aged (Fig. 3c, GLMM; Int = -3.957 + 0.24,
p < 0.001, β = 0.467 + 0.04 , p < 0.001), males were slightly but significantly less
likely to do so than females (β = -0.642 + 0.32, p = 0.04).
The above suggest that differences in social exposures alone are not
sufficient to account for the increased aggression that young males receive.
Therefore, we investigated the possibility that males may have received more
aggression than females because they were aggressive themselves. Both sexes
displayed aggression more frequently as they aged (Fig. 3d, GLMM: Int. = -3.358
+ 0.310, β = 0.530 + 0.056, p < 0.001). However, increases were stronger among
males compared to females (β = 1.112 + 0.086 p < 0.001). By age 5-6 years,
males were displaying more aggression than females. This was approximately
the same that we observed a sex difference in aggression received.
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Fig. 3. Early life sociality across development for males and females.

In all panels, females are shown in red, circles, and dashed lines and males are
in blue, triangles and solid lines. Panels A-C represent data collected during a
targeted social development study (Jan.-Aug. 2015, 2016, 2017, unique IDs = 25,
f = 14, m =11). (a) Spatial independence from mothers measured as the
proportion of time spent > 5 m from mothers per focal follow. (b) Party-level
exposure to adult males measured as the proportion of time spent in parties with
at least one adult male per focal follow. (c) Proximity to adult males was
measured as whether or not the focal individual had at least one adult male
within 5 m during a follow given than at least one was available. Panel D shows
aggression displayed per hour observed by age and sex using long term
aggression data (2005-2017, unique IDs = 51, f = 26, m = 25).
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Sources of Variation in Aggressive Exposure: After comparing all of the possible
models of early life social variables, age, sex, and their interactions, the dredge
function identified five plausible top models that differed in AIC by <2 (Table S4).
These models were qualitatively similar in that they shared a relatively stable set
of the predictors. In every model, the amount of aggression displayed by
immatures was the strongest predictor of how much they received. Neither a
main effect of sex nor any potential interactions between sex and early life
variables had high importance (Table S5) or were included in any of the top five
models (Table S4). The Akaike weight of best model was nearly twice that of the
next-best model, indicating that it is twice as likely to be the best model
(Burnham and Anderson, 2002). As such, we report the results of that model
here (Table 2).
Table 2: Results from the best-fit model
Model Parameter
(Intercept)
Aggression Displayed
Age
Spatial Independence
Exposure to Adult Males
Age *
Aggression Displayed
Age *
Spatial Independence

-4.616
2.694
0.833
0.499
-0.993

Std.
zError value Pr(>|z|) Sig.
0.36 -8.626 <0.001 ***
0.49 5.027 <0.001 ***
0.27 3.099
<0.01 **
0.22 1.758
0.03 *
0.43 -2.301
0.02 *

-1.308

0.25 -4.829

<0.001 ***

-0.431

0.15 -2.572

<0.01 **

Estimate1

Parameters, coefficients, and their significance for the best model as identified by
multimodel selection (R package MuMin, dredge function). Main effects have
been shortened for ease of interpretation. 1All estimates are calculated using zscored predictors.
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The amount of aggression that individual immatures received increased as
they displayed more aggression (Fig. 4a/b, GLMM, Int. = -4.616, β = 2.694, p <
0.001) and with age (β = 0.83, p < 0.01). However, aggression displayed
interacted negatively with age (β = -1.308, p < 0.001), and thus the effect of
displaying aggression diminished as chimpanzees grew older. While increasing
independence was associated with receiving more aggression (β = 0.499, p =
0.03), this effect also diminished, or negatively interacted, with increasing age (β
= -0.431, p < 0.01). Finally, individuals that spent more time in parties with adult
males received less aggression (β = -0.993, p = 0.02).
Discussion:
Our investigation revealed that wild immature male chimpanzees
experienced significantly more aggression than females during development. Sex
differences in witnessing aggression were slight, amounting to one additional
aggressive interaction per 5.26 hours of observation. However, there was a much
larger difference in the amount of aggression that males directly received
compared to females as males were victims of aggression three times more often
than females by 5 y.o. This pattern was not easily explained by sex differences in
risk exposure as there was no sex difference in party-level association with or
proximity to adult males and males spent more time than females in proximity to
their mothers. Remarkably, despite robust differences in exposure to aggression
during the juvenile period, we found no independent effect of sex itself on
aggression received by immatures. Instead, an individual’s aggressive
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Fig. 3: Contribution of other early life social factors to early aggressive
experience

(a) Estimates and their standard error for each model parameters included in the
best fit model. Asterisks (*) denote the significance of each effect (*p<0.5,
**p<0.01, ***p<0.001). (b) Aggression displayed was the strongest predictor of
how much aggression individual immatures received in every plausible model.
Shown here using the full aggression dataset (2005-2017, n = 51, f = 26, m =
25). Females are shown in red, circles, and dashed lines and males are in blue,
triangles and solid lines.
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experience was best predicted by the amount of aggression that they displayed.
Thus, while differences in early life exposure to aggression were ostensibly
structured in a way that could precipitate sex differences in the use of aggression
later in life, these differences were rooted in early-emerging differences in
behavior.
Despite that males were targeted as victims of aggression more often than
females, the sex difference in aggression received was better explained by other
aspects of early life experience and behavioral differences than sex alone. In line
with available research on chimpanzee behavioral development, sex differences
in aggression emerged early (Lonsdorf et al., 2014a/b) with males displaying
aggression 2-3 times more often than females by 5-6 y.o. That this difference,
which closely resembles gender differences in human aggression, emerges in
the absence of gendered socialization, may be evidence that the developmental
roots of aggression and sex differences in the use of aggression include deeper
evolutionary and biological influences.
Immature males began exhibiting more aggression around the same age
receiving aggression emerged and displaying aggression was the strongest
predictor of how much aggression immatures received. Juvenile male macaques
and baboons similarly received more aggression as they began to compete with
other group members for status (Pereira, 1988, 1989; Cheney, 1977; Silk et al.,
1981). Together findings underscore that young animals are active agents in their
own early life experiences. In many species, increasing male aggression
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coincides with puberty and increase increases during puberty as the testes begin
producing increasing amounts of testosterone (Deville et al., 2005; Trainor et al.,
2009). However, we detected increases in males’ use of aggression several
years prior to puberty, which occurs between 8-9 y.o. (Anestis, 2006; Muller,
2017; Emery Thompson and Sabbi, 2019). Thus, pubertal increases in
testosterone alone are unlikely to explain the emergence of sex differences in
chimpanzee aggression.
Early-life androgens could still impact aggressive development through
independent organizational effects on prenatal brain development (Hines, 2005;
Trainor et al., 2009). These pathways, which are thought to be activated by
testosterone during puberty, may also be activated during adrenarche (Del
Giudice, 2018), a prepubertal developmental milestone that marks the maturation
of the adrenal gland and is accompanied by increases in the adrenal androgen
dehydroepiandrosterone (DHEA) and it’s sulfate (DHEAS, Rege and Rainey,
2012). Among chimpanzees, increasing DHEAS is detectable several years prior
to puberty (Cutler et al., 1978; Sabbi et al., 2019; Smail et al., 1987). Although its
effects are weaker than testosterone, DHEA/S is associated with increased
aggression in birds and mammals (Soma and Wingfield, 2001; Soma et al., 2008,
2015).
In opposition to our expectations, individuals that spent more time in
parties with adult males actually received less aggression. Further, only 32% of
aggression directed at immatures came from adult males. Thus, simply being in a
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party with or being close to adult males may not be as risky for young
chimpanzees as previously thought (Otali and Gilchrist, 2006). This could be
explained by familiarity, as adult male and female chimpanzees are known to
exhibit stable bonds (Langergraber et al., 2013; Machanda et al., 2013) and
evidence suggests that mothers’ close male associates interact more affiliatively
with offspring (Murray et al., 2016). Additionally, adult male presence may have a
pacifying effect between other group members (Boehm, 1996; Kahlenberg et al.,
2008; Watts et al., 2000). In many primates, including chimpanzees, high-ranking
adult males “police” aggression between other group members, especially
females (Watts et al., 2000). As more than half of aggression against immatures
came from non-mother adult females and adolescent males, the same types of
community members that might be most affected by policing from adult males,
spending time in parties with adult males, especially familiar ones, may actually
shield infants and juveniles from aggression.
As expected, immatures gained independence from their mothers with
age. However, in contrast to previous findings from Gombe (Lonsdorf et al.,
2014b; Pusey, 1990), there was no sex difference in spatial independence as
young males at Kanyawara did not stray further from mothers at earlier ages
compared to females. Individuals that spent more time farther from their mothers
did receive more aggression, however the effect diminished with age. Thus,
independence might be especially risky among younger, less experienced,
individuals. Alternatively, those older chimpanzees which did receive more

40

aggression might have spent more time near their mothers for social support
following aggressive interactions and/or in attempts to avoid further aggression.
Our results document clear differences in the aggressive experiences of
young chimpanzees with males receiving significantly more aggression than
females during development. This supports the possibility that early life
experiences may help to shape sexually dimorphic behavioral patterns in the
absence of explicit modeling of cultural gender norms. However, young males
were not simply collateral damage as a consequence of party affiliation or
proximity, nor are they targeted specifically because they are male, but rather
their own challenging behavior yielded aggressive responses from others.
Together this suggests that male chimpanzees are innately more inclined to
aggression as juveniles, a pattern than has received broad support from studies
of social play across primates (Biben and Suomi, 1993; Fagen, 2002; Wallen,
2005), but that this tendency may also be magnified by their social environment.
Although it is difficult to determine which difference emerges first, our data
suggests that early life aggression could yield a feedback loop, amplifying the
role of aggression in the daily lives of young male chimpanzees as they mature.

41

CHAPTER THREE: SEX DIFFERENCES IN RESPONSE TO WATCHING
GROOMING INTERACTIONS AMONG IMMATURE EAST AFRICAN
CHIMPANZEES (PAN TROGLODYTES SCHWEINFURTHII)

Abstract:
Underlying sex differences in attention to and modeling of social interactions
could exacerbate encourage diverging social strategies during development. If
so, adult social patterns should be reflected in immatures’ attention and response
to social interactions. Since adult male chimpanzees groom peers more often
than females, young males should spend more time watching neighbors’
grooming bouts and be more likely than females to begin grooming bouts
immediately following exposure. To test this, we video-recorded chimpanzees
under 10 y.o. at Kanyawara (n = 28, f = 16, m = 12) in Kibale National Park,
Uganda, for two minutes immediately following the start of grooming bouts
between their nearest neighbors (< 5 m away). We then scored the amount of
time that immatures spent watching grooming bouts, whether they watched very
closely by peering, and whether that immature began grooming a partner after
watching. In contrast to our prediction, females watched nearby grooming bouts
for longer and more closely than males. Young males were not inherently more
likely to start a grooming bout during an attention follow, but those that peered
initiated grooming bouts more frequently than females. Thus, we found mixed
support for the hypothesis that underlying differences in attention and sensitivity
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to social stimuli may help to shape the development of sex-typed social
strategies in wild chimpanzees.

Introduction: Observational learning, whereby individual learning is influenced
by exposure to experienced and/or skilled behavioral models (Heyes, 1994), has
been documented across the animal kingdom (reviewed in Choleris and
Kavaliers, 1999; Galef and Laland, 2005; Reader and Biro, 2010; Whiten et al.,
2011; Whiten and van de Waal, 2018). While most studies of social learning in
non-human animals have focused on food preferences and/or learning tool-use
tasks, early life social experience and observational learning also impact social
development. Experimental work on stumptail macaques (Macaca arctoides)
underscored the importance of vision to primate social learning, finding that
young monkeys reared in the dark suffered social deficits compared to controls
(Anderson and Chamove, 1984). Other social isolation and deprivation studies
have shown that visual and experiential access to observational learning
opportunities and adult social models is critical to social development (rhesus
macaques (Macaca mulatta): Harlow and Harlow, 1962; Mitchell et al., 1962;
black-headed gulls (Larus ridibundus: Groothuis 1989a/b).
Recent developmental studies of chimpanzee behavior propose that sex
differences in adult sociality may arise from mothers adjusting their ranging
patterns when they have infant sons versus daughters (Murray et al. 2014). Such
shifts may contribute to developing sex differences by providing male infants with
more social opportunities compared to females and/or increasing males’

43

exposure to same-sex role models (Murray et al. 2014). However, the
mechanism linking differential social exposure to expressions of infant and
juvenile behavior remains unclear. One possibility is that underlying neurological
differences interact with experience to produce behavioral differences during
development.
In experimental studies of human children, boys and girls both attend and
respond differently to the same social stimuli. A famous experiment by Bandura
and colleagues (1961) revealed that 5-6-year-old boys were more likely than
same-aged girls to act aggressively toward a balloon doll after watching an adult
display aggression toward it, especially if that adult was a man. While some have
interpreted this as evidence of gender identity and gender-biased socialization, 6to-9 month old infants, up to a year younger than the earliest development of
gender identity, exhibit similar sex differences in modeling a punching movement
after watching adults punch a balloon (Benenson, et al., 2011). Sex differences in
human visual preferences are detectable in neonates as young as one day old
(Connellan et al., 2000) and attributed to underlying differences in prenatal
androgen exposure (Lutchmaya, Baron-Cohen, and Raggatt, 2002). Together,
this suggests that exposure androgens in utero helps to organize underlying
differences in attention and sensitivity to social stimuli, which may encourage
emerging behavioral differences during development through observational
social learning.
Although sex differences in animals’ social learning have not been widely
studied (Choleris and Kavaleirs, 1999), sex differences in visual attention have
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been observed across primates (macaque spp: Demaria and Thierry, 1988;
Higley et al., 1987; Paulkner et al., 2018; savanna baboons (Papio
cynacephalus): Alberts, 1994; vervets (Chlorcebus pygerythrus): Grampp et al.,
2019; chimpanzees (Pan troglodytes schweinfurthii): Lonsdorf, 2005; Lonsdorf et
al., 2004). Peering, a type of looking that involves one individual watching
another very closely from a just few inches away (Fig.1), has been directly linked
to social learning (Jaeggi et al., 2010; Schuppli et al., 2016) and documented in
across apes (mountain gorillas (Gorilla gorilla berengei): Schaller, 1963;
Yamigiwa 1992; bonobos (Pan paniscus): Idani, 1995; Johnson et al., 1999;
Stevens et al., 2005; chimpanzees: Goodall, 1968; Inoue-Nakamura and
Matsuzawa, 1997; Nishida, 1977; orangutans (Pongo spp.): Jaeggi et al., 2010;
Schuppli et al., 2016; Schuppli and van Shaik, 2019). While sex differences in
peering have not been reported among orangutans (Schuppli et al., 2016),
female bonobos peer more often than males (Idani, 1995; Johnson et al., 1999;
Stevens et al., 2005).
Sex differences in attention can lead to differences in behavior when
social observation impacts learning processes. In a study of social learning
among chimpanzees at Gombe, immature females spent more time watching
their mother’s termite fishing and subsequently mastered the skill at earlier ages
using techniques that more closely mirrored their mothers’ (Lonsdorf 2005;
Lonsdorf et al., 2004). Such differences are likely linked to sex differences in
adult foraging as females at Gombe rely more on tool-assisted food resources
than males do (McGrew, 1979). In this study, we ask whether sex differences
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Figure 1: An example of peering, watching intensely from just a few inches away
(Idani, 1995; Schuppli et al., 2016), by an infant chimpanzee. Photograph by Kris
H. Sabbi.

social attention and learning may similarly correspond with developing sex
differences in chimpanzee gregariousness.
Chimpanzees exhibit stark sex differences in sociality that mirror many of
those observed among humans. Male chimpanzees are more aggressive than
females (Muller, 2002; Muller and Mitani, 2005), but they are also more affiliative
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as they engage in more affiliative interactions and spend more time in larger
groups (Machanda, Gilby, and Wrangham, 2013; Wrangham, Clark, and
Isabirye-Basuta, 1992). Social grooming, which serves the dual purpose of
removing ectoparasites and reinforcing social bonds, is the most common
affiliative behavior among adult chimpanzees of both sexes (Goodall 1986;
Mitani, 2009; Machanda et al., 2013), however, adult males generally spend
more time grooming conspecifics than females and grooming between two adult
females is relatively rare except for mother-daughter pairs (Gilby and Wrangham,
2008; Machanda et al. 2013).
Social grooming is a learned behavior that young chimpanzees master
during development. Infants at Mahale generally groomed their mothers for their
first time by their second birthday and achieved proficiency at self-grooming
between two and three years old (Goodall, 1986; Nishida, 1988). Sex differences
in grooming emerged several years later with daughters reaching reciprocity with
their mothers at earlier ages than males (Nishida, 1988). At Gombe, there was
no sex difference in time spent grooming among chimpanzees under 5 y.o.
(Lonsdorf et al., 2014a), however after weaning age, differences in partner
choice emerged (Pusey, 1983, 1990). Thus, chimpanzee social grooming
provides an excellent context to study how underlying differences in attention and
behavioral modeling may influence the emergence and development of sexually
dimorphic social behavior.
Here, we use video-recordings to examine young chimpanzees’ attention
to nearby grooming interactions. Our first goal was to test the hypothesis that sex
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differences in attention to social interactions during development correspond with
developing differences in gregariousness. As adult males are more gregarious
than females, we predicted that young males would spend more time watching
nearby grooming interactions and/or watch more intensely by peering. However,
we also expected that social attention would be moderated by the identity of the
social models such that both sexes would pay more attention to grooming when
the sex of the groomers matched their own.
Our second goal was to investigate the relationship between social
attention and subsequent behavior. First, we hypothesized that, like tool-use and
foraging skills, watching social interactions would important for learning social
skills, and therefore predicted that those individuals that pay more attention to
nearby grooming bouts by watching for longer and/or peering should be more
likely to begin grooming afterward. Second, we predicted that compared to
females, males would be inherently more likely to begin a grooming bout after
watching one. Finally, we predicted that immatures of both sexes more likely to
begin a grooming bout after watching a same-sex adult groom.

Methods:
Data Collection: To examine sex differences attention and responses to nearby
grooming interactions, we video-recorded immature chimpanzees (under 10
years old, n = 28, f = 16, m = 12) as their neighbors (within 5 m) groomed. Video
recordings were collected over 18 months on the Kanyawara community of
chimpanzees in Kibale National Park, Uganda (January and August of 2015,
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2016, and 2017). This community was initially studied in 1983 by Isabirye-Basuta
(1988) and has been followed continuously since 1987 (Chapman and
Wrangham, 1993). The birthdates of all individuals included in this study are
known to within one month.
Because this study was observational and opportunistic, and we could not
manipulate social conditions, we wanted the temporal link between watching
grooming and beginning to groom to be as close as possible. A pilot study
revealed that two-minute attention follows were both long enough for focal
chimpanzees to notice and watch grooming interactions, and a reasonable
expectation of grooming time between dyads that only rarely interact and were
more difficult to capture, like unrelated adult females. Each two-minute attention
follow (Table 1, n = 222) began under the following conditions: first, if the focal
chimpanzee was in good view such that observers could easily and reliably
detect the direct of their gaze; second, if the focal had an unobstructed view of
their neighbors that were within 5 m; and third, if two neighbors began grooming.
Each follow started at the same moment that grooming bouts did and continued
for two minutes. Follows were excluded from the study if the grooming bout
ended earlier than two minutes. For each follow, we also recorded the identity,
age, and sex of both grooming partners.
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Table 1: Summary of attention follows collected over three seasons (Jan-Aug.
2015, 2106, 2017).
Unique Follows Follows
Ave.
IDs
(n)
per ID
TSW1
Females
13
125 9.6 (2-22) 29.1+26.6
Males
12
97 8.1 (1-14) 24.0+22.0
Overall
25
222 8.9 (1-9) 27.5+24.8
1Mean time spent watching (TSW) in seconds + SD.

Did
Began
Peer (n) Grooming (n)
51
15
21
17
72
32

KHS and three trained research assistants used JWatcher 1.0 (Blumstein,
2000) to score the amount of time that individuals spent watching and whether or
not they peered at nearest neighbors’ grooming bouts. Individuals were scored
as “watching” if their head and eyes were oriented toward the grooming partners
and/or the hands of the groomer and/ the part of the grooming partner’s body that
was being groomed. They were scored as “peering” when they adjusted their
posture to watch from just a few inches from the site of grooming (Fig. 1; Idani,
1995; Schuppli et al., 2016). If the individual could not be seen due to moving out
of frame or behind an object in frame, or if the orientation of the focal individual’s
head and eyes could not be determined, they were scored as “out of view.” To be
included in the study, the focal’s gaze had to be observable for a minimum of 90
seconds. We also scored whether or not focal individuals initiated a grooming
bout after watching (yes/no). When “initiate grooming bout” was scored as “yes”
during an attention follow, we recorded the timestamp, and confirmed whether
the individual watched or peered at the grooming interaction beforehand.

50

All research assistants were trained using a standard set of video follows
and completed their training when they achieved 85% agreement with KHS. After
training, 10% of attention follows assigned to each research assistant were also
coded by KHS and at least one other research assistant. If agreement between
all follows was at least 85%, results were then averaged over observers (n = 19).
If follows did not reach agreement of 85% due to one observer, that observer’s
results were dropped from averaging (n = 3).

Data Analysis: Our first prediction was that males would be more attentive than
females to grooming bouts between neighbors. To test this, we used GLMMs
(R::lmer, Bates et al., 2015) to model, first, how much time per attention follow
immatures spent watching their neighbors groom and, second, whether or not
they peered at the groomers during each attention follow by age and sex. We
included interaction terms for age and sex in both model to allow sex differences
to change with age. Additionally, a pilot investigation indicated that time spent
watching, but not likelihood of peering, decreased later in the day. Therefore, we
initially included a term for the hour of the day that the attention follow was
recorded and allowed this interact with age and sex in that model. Then we
removed non-significant interaction terms to create the final models. In these,
and all subsequent models, we also included random effects terms of individual
nested within mother to account for unequal sampling and including siblings in
the dataset, respectively.
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Next, we used GLMMs (R::lmer) to test our prediction that individuals that
watched for longer or more closely via peering would be more likely to initiate a
grooming bout during the attention follow. We included independent terms for sex
and age to parse whether males and/or older individuals were inherently more
likely to initiate a grooming bout from the effects of watching and/or peering. In
the initial model we also included all possible interaction terms to allow the
relationships between watching and subsequent grooming behavior to vary by
age and sex. Then we used backward model selection to remove non-significant
interaction terms until we reached the most parsimonious model with the lowest
AIC.
Finally, we investigated the impact of groomer identity on immature’s
attention to grooming, and whether or not they initiated grooming bouts after
watching. First, we scored whether or not the grooming dyad that each focal
watched included (a) the focals’ mother, (b) at least one non-mother adult
female, (c) exactly one adult male and one adult female, and (d) at least one
adult male. These categories were not entirely mutually exclusive. Then, we
compared how much time males and females spent watching and whether they
peered at each category of groomers. There were too few cases of immatures
beginning a grooming bout during an attention follow (n = 34) to statistically
investigate the impacts of groomer identity on whether or not focals initiated a
grooming bout after exposure to one. Therefore, we calculated and compared the
proportion of males’ and females’ attention follows where the focal did initiate
grooming across groomer identity categories.
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Results:
Sex differences in watching and peering: Compared to females, males spent less
time watching grooming bouts between their nearest neighbors (Table 2, Fig. 2a,
GLMM, Int.= 49.849+10.929, p <0.001, beta(focal_sex_m) = -49.980+16.793, p =
<0.01). While time spent watching decreased throughout the day (Fig. 2b,
beta(follow_hour) = -2.359+0.868, p < 0.01), it also negatively interacted with
focal sex (beta(follow_hour*focal_sex_m) = 3.477+1.345, p = 0.01) leading
females, but not males to spend less time watching later in the day. Finally, time
spent watching increased with age (beta(focal_age) = 2.614+0.704, p < 0.001),
and age did not interact with sex or follow hour.
There was no effect of time of day on peering, which occurred in 31.4% of
focal follows (Table 1, n = 72) and, compared to females, males were
significantly less likely to peer at grooming interactions (Table 3, Fig. 3, GLMM,
Int. = -0.873+0.353, p = 0.013; beta(sex) = -0.804+0.434, p = 0.04). There was
no effect of age on peering (p = 0.346) and neither did age interact with sex.

Watching and grooming: Focal immatures began a grooming bout within two
minutes of being exposed to one in 12.8% of attention follows (Table 1, n = 31)
and were more likely to begin a grooming bout the longer that they watched one
(Table 4, Fig. 4a, GLMM, Int.= -5.075+0.926, p <0.001; beta(tsw) = 0.060+0.018,
p < 0.001). Males, but not females, that did peer were significantly more likely to
begin a grooming bout (Fig. 4b; beta(peered*sex) = 2.330+0.887, p < 0.01). The
likelihood of beginning a grooming bout increased with age (Fig. 4c
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beta(focal_age) = 0.600+0.156, p < 0.001). Age also interacted negatively with
time spent watching such that the effect of watching on the likelihood of starting a
grooming bout diminished with increasing age (beta(tsw*age) = -0.010+0.004,
p<0.01).
Table 2: Model results for time spent watching
Model Parameter
Est.
Std. Error
df
t-value
p-value
Intercept
49.8488
10.9287 215.5307
4.561 <0.001 ***
Focal Age
2.6135
0.7041
46.8491
3.712 <0.001 ***
Focal Sex (m)
-49.9803
16.7934 220.0339 -2.976 0.003 **
Follow Hour
-2.3589
0.8677 222.4772 -2.718 0.007 **
Focal Sex (m) *
Follow Hour
3.4771
1.3445
223.802
2.586 0.010 *
Results from GLMM (R::lme4) including estimated effect size, standard error,
degrees of freedom and associated t- and p-values for each effect. Original
model included all possible interactions terms which were subsequently removed
if nonsignificant.
Figure 2: Time spent watching neighbors’ grooming.

a.

b.

(a) Female chimpanzees spent more time watching nearby grooming interactions
than males and time spent watching increased with age in both sexes. (b) Time
spent watching decreased throughout the day for females but not males. Each
point represents one two-minute attention follow (n = 222). In each panel males
(n = 97) are represented in blue, triangles, and solid lines whereas females (n
=125) are shown in red, circles, and dot-dashed lines.
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Table 3: Model results for the likelihood of peering during attention follows
Model Parameter
Intercept
Focal Age
Focal Sex (m)

Est.
-0.873
2.6135
-0.804

Std. Error
0.353
0.7041
16.7934

z-value p-value
-2.473 0.013 *
0.943 0.346
-1.951 0.046 *

Peering was scored as present of absent in each attention follow. Results from GLMM
(R::lme4) including estimated effect size, standard error, and associated z- and p-values
for each effect. Original model included the interaction between age and sex, which was
removed as it was nonsignificant in the model.

Figure 3: Females peered in a higher proportion of follows than males
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Table 4: Model results for the likelihood of beginning a grooming bout

Model Parameter
Intercept
Focal Age
Focal Sex (m)
TSW
Did Peer
Focal Age * TSW
Focal Sex (m) * Did Peer

Est.
-5.075
0.600
-0.446
0.060
0.041
-0.010
2.330

Std.
Error
z-value
p-value
0.926
-5.479 <0.001 ***
0.156
3.838 <0.001 ***
0.611
-0.731 0.465
0.018
3.393 <0.001 ***
0.634
0.064 0.949
0.004
-2.783 0.005 **
0.887
2.628 0.009 **

Beginning a grooming bout was scored as present of absent in each attention
follow. Results from GLMM (R::lme4) including estimated effect size, standard
error, and associated z- and p-values for each effect. Original model included all
possible interactions terms which were subsequently removed if nonsignificant.

Figure 4: Likelihood of beginning a grooming bout.

a.

b.

The likelihood of focals starting a grooming during
an attention follow (n = 31) increased with (a) time
spent watching and (b) age. While there were no
independent effects of focal sex or peering,
(c) males that did peer were significantly more
likely to begin grooming a partner afterward. Males
are represented in blue, triangles, and solid lines
whereas females are shown in red, circles, and
dot-dashed lines.

c.
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Groomers’ Identity: There were no significant differences in the amount of time
that immature focals spent watching grooming interactions based on the identity
of the groomers, and neither did groomer identity interact with age to impact time
spent watching (Table 5, GLMM, p = 0.688-0.977). Likewise, there were no
significant differences in the likelihood of peering based on groomer identity
(GLMM, p = 0.244-0.875).
Although small sample sizes precluded statistically investigating whether
groomers’ identity impacts the likelihood that focals began a grooming bout after
watching one, groomer identity did impact the proportion of follows during which
immatures began a grooming bout. Compared to females, young males initiated
grooming in a higher proportion of follows that included exactly one male and one
female (Table 5, Figure 5, male focals = 27.3%, female focals = 9.1%), their
mothers (male focals = 20%, female focals = 10.1%), and at least one adult male
(male focals = 18.5%, female focals = 11.4%). Females, on the other hand,
began grooming bouts in a higher proportion of follows that included at least one
unrelated adult female (female focals = 21.4%, male focals = 12%).

Discussion:
In this study we asked whether young chimpanzees exhibit sex differences in
their attention to nearby social interactions that might foreshadow increased male
gregariousness during adulthood. We found that, as with other skills, immatures
were more likely to begin a bout of social grooming the longer that they watched
grooming between neighbors. Young males did not watch or peer at grooming
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Table 5: Summary of attention to grooming interactions by model identity.

Model Category
Mother
Non-Mother Adult
Female
One Adult of Each Sex
Adult Male

Focal
Sex

Follows
(n)

Ave. TSW
(sec)

Did Peer
(n)

Prop.

Began Grooming
(n)

Prop.

F
M

99
70

29.11+28.11
19.61+21.70

38
20

0.38
0.29

10
14

0.10
0.20

F
M
F
M
F
M

28
25
77
44
35
27

32.46+25.63
24.06+19.96
31.04+28.78
27.57+22.37
32.83+31.06
31.75+22.81

10
3
29
14
11
7

0.36
0.12
0.38
0.32
0.31
0.26

6
3
7
12
4
5

0.21
0.12
0.09
0.27
0.11
0.19

Summary of attention follows that included each type of social model. Model categories were not mutually exclusive and
may be included in more than one category. Despite differences in time spent watching and probability of peering, there
was no significant independent or interactive effect of model identity when they were added to either statistical model.
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Figure 5: Focal-initiated grooming by model identity category.

Proportion of males’ (blue) and females’ (red) attention follows where focals
began a grooming bout (n = 34) after watching bouts that included (a) their
mother, (b) at least one non-mother adult female, (c) one adult member of each
sex, and (d) at least one adult male. Categories were not mutually exclusive.

neighbors more than females did and were not inherently more likely to begin
grooming after exposure. However, those males, but not females, that watched
intensely by peering, were more likely to model grooming behavior. Further, both
sexes were generally more likely to begin grooming after watching same-sex
models. Together, these findings may reflect sex differences in the ways that
immatures process and use social information and support the hypothesis that
underlying differences in attention help to structure the development of sex
differences in sociality.
Counter to our expectations, it was female chimpanzees that spent more time
watching and they were also more likely to peer at grooming interactions. While
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this does not mirror sex differences in chimpanzee gregariousness, there is some
evidence that female apes spend more time watching others compared to males.
In addition to the finding that female chimpanzees at Gombe spent more time
watching termite fishing than males (Lonsdorf, 2005), female bonobos peered
more often than males across several feeding and social contexts (Idani, 1995;
Johnson et al., 1999; Stevens et al., 2005). Similarly, human women attend more
to social cues and process them more efficiently from infancy through adulthood
(Hall 1984; Ruble and Nakumura, 1972). Although sex differences in attention
have not been widely investigated across primates, several studies report that
female monkeys have better knowledge of hierarchies (Borgeaud et al., 2015;
Grammp et al., 2019). Similarly, a preliminary study of female mountain gorillas
reported that they stop other behaviors, like feeding, to watch adult males and
higher-ranking females (Watts, 1998). Thus, females’ increased attention to
social partners and conditions may be shared across primates regardless of
species differences in social system, dispersal patterns, and general
gregariousness.
Despite watching and peering more, females were not more likely to begin a
grooming bout. This seems at odds previous studies showing that animals that
spent more time looking and/or peered were subsequently more likely to
“explore” or “practice” the behavior or skill they had watched (Benenson et al.,
2011; Bandura et al., 1961; Jaeggi et al., 2010; Lonsdorf et al., 2005;
Matsuzawa, 1994, 2001; Nakumura and Nishida, 2013; Schuppli et al., 2016). On
the other hand, in accordance with such findings, males that watched more
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intensely by peering at nearby groomers were more likely to model grooming
behavior. As sex differences have been largely ignored in previous animal
studies of social attention and observational learning (Choleris and Kavaleirs,
1999), it is difficult to situate these results in context. However, as much of the
work on these processes among great apes has focused on behaviors, like tool
use, which are biased toward females (Boesch and Boesch, 1981; Lonsdorf et
al., 2004; Watts, 2008), whereas our focus in this study is a social behavior that
exhibits a male bias, sex differences in attention and social learning may be
domain specific, corresponding with differences in adult behavior.
Alternatively, attention to social interactions could serve additional social
functions beyond learning the skills themselves. If watching and peering at skilled
behavioral models functions as a learning tool, then inexperienced individuals are
expected to watch and peer less with age as they achieve proficiency in a skill
(Nakumura and Nishida, 2013; Schuppli et al., 2016). In the case of grooming,
this should happen relatively early in development, between 4-6 years old, as
immatures begin to reciprocate grooming with mothers (Nishida, 1988) and
expand their grooming networks (Nishida, 1988; Pusey, 1983). In our study, time
spent watching grooming interactions increased with age. In fact, although adults’
attention to grooming was not explicitly recorded for this study, adult and
adolescent chimpanzees often watched and peered at grooming interactions
alongside immatures. This may indicate that both immature and adult
chimpanzees are gaining additional information, for example details about
relationships between other group members, from watching grooming (Borgeaud
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et al., 2015; Grammp et al., 2019; Watts, 1998). Similarly, peering is
hypothesized to serve a social function in bonobos by facilitating other social
interactions (Idani, 1995). In our study, peering was associated with increased
likelihood of beginning a grooming bout, but only for males. Together, this could
suggest that both peering and general social watching could serve a social
function among chimpanzees either independent of or in addition to their roles in
learning.
Both male and female focals began grooming bouts in a higher
proportion of follows that included at least one same-sex, non-mother adult.
Several experimental studies have shown that access to same-sex behavioral
models is critical for normative behavioral development in birds and mammals
(Groothuis 1989a/b; Harlow and Harlow, 1962). Additionally, human development
studies have shown that children are more sensitive and responsive to the
behaviors of same-sex behavioral models (Bandura et al., 1961; Benenson et al.,
2011; Martin and Ruble, 2010; McIntyre and Edwards, 2009; Slaby and Frey,
1975). Together, these findings may suggest a shared mechanism of relying on
cues from same-sex individuals to learn social behavior during development
(Bandura and Busey, 1999; Fausto-Sterling et al., 2012).
This is the first study to explicitly focus on attention to social interactions in
a wild primate under naturalistic conditions. Like previous research on non-social
skills, we documented sex differences in responsivity to watching social tasks
that reflected adult differences in social strategies. However, the link between
watching grooming interactions and emulating or imitating them by beginning a
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grooming bout was not as direct as those reported for tool use and foraging
tasks. Together, this indicates that aspects of social learning and attention, and
sex differences in both, are shared across multiple domains but that learning
social behaviors might happen through multiple pathways.
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CHAPTER FOUR: HUMAN-LIKE ADRENAL DEVELOPMENT IN WILD
CHIMPANZEES: A LONGITUDINAL STUDY OF URINARY
DEHYDROEPIANDROSTERONE-SULFATE AND CORTISOL

Abstract:
The development of the adrenal cortex varies considerably across primates,
being most conspicuous in humans, where a functional zona reticularis – the site
of DHEA/S production – does not develop until middle childhood (5-8 y.o.). Prior
reports suggest that a human-like adrenarche, associated with a sharp prepubertal increase in DHEA/S, may only occur in the genus Pan. However, the
timing and variability in adrenarche in chimpanzees remain poorly described,
owing to the lack of longitudinal data or data from wild populations. Here we use
urine samples from East African chimpanzees (Pan troglodytes schweinfurthii)
collected over 20 years at Kanyawara in Kibale National Park, Uganda, to trace
the developmental trajectories of DHEAS (n = 1385 samples, 53 individuals) and
cortisol (n = 12,726 samples, 68 individuals). We used generalized additive
models (GAM) to investigate the relationship between age, sex, and hormone
levels. Adrenarche began earlier in chimpanzees (~2-3 y.o.) compared to what
has been reported in humans (6-8 y.o.) and, unlike humans, male and female
chimpanzees did not differ significantly in the timing of adrenarche nor in DHEAS
concentrations overall. Similar to what has been reported in humans, cortisol
production decreased through early life, reaching a nadir around puberty (8-11
y.o.), and a sex difference emerged with males exhibiting higher urinary cortisol
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levels compared to females by early adulthood (15-16 y.o.). Our study
establishes that wild chimpanzees exhibit a human-like pattern of cortisol
production during development and corroborates prior reports from captive
chimpanzees of a human-like adrenarche, accompanied by significant
developmental increases in DHEAS. While the role of these developmental
hormone shifts are as yet unclear, they have been implicated in stages of rapid
behavioral development once thought unique to humans, especially in regards to
explaining the divergence of female and male social behavior prior to pubertal
increases in gonadal hormones.

Introduction:
Steroid hormones produced by the adrenal gland mediate individual responses to
external/environmental conditions through their direct effects on metabolism,
immune function, and behavior. Cortisol, the principal glucocorticoid produced by
primates, helps to organize the stress response and regulate metabolism (Katsu
and Iguchi, 2016). The adrenal androgens dehydroepiandrosterone-sulfate
(DHEAS), and its unconjugated form, DHEA (denoted jointly as DHEA/S), play
important roles in neurological (Compagnone and Mellon, 1998; Maninger et al.,
2009; Pluchino et al., 2014), immunological (Hechter, Grossman, and Chatterton,
1997; Prall and Muehlenbein, 2018), and socio-cognitive functioning (Campbell
2006, 2011; Del Giudice et al., 2009; Del Giudice, 2018). During development,
adrenal hormones are thought to organize critical stages of behavioral maturation
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through their effects on growth and development (Bernstein et al., 2012;
Bernstein, 2016; Del Giudice, 2018).
While many features of adrenal structure and function are conserved
across mammals, humans exhibit some unusual characteristics. In humans the
mature adrenal cortex – specifically the innermost layer called the zona
reticularis (ZR) -- serves as the major source of DHEA/S (Endoh et al., 1996),
but in most other species, DHEA/S derives primarily from the gonads and few
have the ability to synthesize it in the adrenals (Cutler et al., 1978; Nguyen and
Conely, 2008; Rege et al., 2019). While adrenal production of DHEA/S is shared
by other primates, there is substantial phylogenetic variation in its expression
across development. Notably, humans and some other primates exhibit a unique
fetal zone (FZ) of the adrenal cortex which produces very high levels of DHEA/S
that serve as an essential precursor for placental estrogen production (Mesiano
and Jaffe, 1997; Xing et al., 2015). The FZ then recedes early in postnatal life,
thus postnatal adrenal production of DHEA/S depends on the eventual
development of the ZR, a process known as adrenarche (Mesiano and Jaffe,
1997; Nguyen and Conley, 2008; Vinson, 2016; Xing et. Al., 2015).
Among primates, adrenarche appears to occur reliably only among some
catarrhines, as evidenced by both histological (e.g., Levine et al. 1982; Nguyen
et al., 2008) and genetic (Bernstein et al. 2012) studies (n.b., a functional ZR has
been reported in marmosets, but only selectively in some females, Pattison et al.
2009; and in mouse lemurs, but only seasonally, Perret & Aujard 2005). In most
primates, this process is complete during the first few months of development,
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meaning that DHEA/S levels peak early in life and then depreciate during
development (Cutler et al. 1978; Castracane et al., 1981; Conley, Pattison, &
Bird, 2004; Conley et al., 2011; Ducsay et al., 1991; Levine et al., 1982; Nguyen
et al., 2008). However, in humans, adrenarche is delayed until middle childhood
(approx. ages 6-8 years in Western populations). This results in a dramatic
postnatal decline in DHEA/S as the FZ recedes followed by a pre-pubertal surge
as the ZR matures (Dhom 1973; Hopper and Yen, 1975; Havelock et al., 2004;
Ibáñez et al., 2000; Palmert et al., 2001; Korth-Schutz, et al., 1976; Sperling,
2014). Girls generally reach adrenarche about a year earlier than boys but
increases in DHEAS are both relatively and absolutely larger in boys, and adult
men have higher circulating DHEAS than women (Campbell 2006; Hopper and
Yen, 1975; Labrie, 2010; Orentreich et al., 1984; Šulcová et al., 1997; Zumoff et
al., 1980). The unique developmental pattern of adrenal hormone production is
thought to be linked both with the extended period of childhood in humans
(Bogin, 1997) and with the specific neurological and behavioral shifts that occur
prior to puberty (Campbell, 2006, 2011), suggesting a pivotal role in calibration of
life history strategies (Del Giudice et al., 2009; Del Giudice, 2018).
Only great apes have been proposed to exhibit a pattern of adrenarche
that resembles that of humans, featuring delayed ZR development and a prepubertal “spurt” in DHEA/S. However, in contrast to the human pattern, captive
gorillas exhibit only transient developmental increases in DHEA/S (Bernstein et
al. 2012). Small but significant increases in DHEAS were detected with age
among rehabilitant orangutans in Malaysia (Prall et al. 2015), though other
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studies of orangutans are equivocal (Bernstein et al., 2012; Cutler et al., 1978).
Several reports propose that developmental shifts in chimpanzee and bonobo
DHEA/S most closely resemble human adrenarche in both timing and degree
(Behringer et al., 2012; Bernstein, et al., 2012; Cutler et al., 1978; Smail et al.,
1982). However, these studies are all based on cross-sectional samples from
captive colonies, and most distinguish only between broad developmental age
groups (e.g., “juvenile” versus “adolescent”). Histological evidence is similarly
imprecise, confirming only that precursors to the ZR were detectable in the
adrenal tissue of a captive chimpanzee at 3 years, and that this layer was fully
developed in the next oldest individual, a 12-year-old (Parker et al., 2014). Thus,
there is still considerable uncertainty about the timing of adrenal maturation in
chimpanzees, particularly in the wild, where many developmental processes are
delayed compared to captivity (e.g. Kimura & Hamada, 1996; Zihlman, Bolter, &
Boesch, 2007; Emery Thompson & Sabbi, in press).
Glucocorticoids are produced in a different layer of the adrenal cortex, the
zona fasciculata (ZF), that is functional soon after birth (Mesiano and Jaffe, 1997;
Xing et al., 2015). Though the ZF does undergo further maturation between
infancy and adulthood, cortisol production was long assumed to be static
throughout early development in humans, after controlling for body size (e.g.,
Aranof & Rosier, 1980; Honour, Kelnar, and Brook, 1991). However, a large
investigation of adrenal hormone production in 400 children reported that the
sum of cortisol metabolites in 24-hour urine samples declined through early
development, reaching a nadir between 7 and 8 y.o., coincident with increases in
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DHEA/S (Wudy et al. 2007). Cortisol subsequently increased in both sexes and,
in line with sex differences reported for adults (Shamim et al., 2000; Vierhapper
et al., 1998), males produced more cortisol than females following puberty (11-12
y.o.) (Wudy et al., 2007). Though few studies have investigated developmental
changes in cortisol under conditions that have not been experimentally altered to
increase stress (e.g. ring-tailed lemurs: Tennenhouse et al., 2016; baboons:
Castracane et al., 1981; marmosets: Pryce et al., 2002; orangutans: Carlitz et al.,
2014; lowland gorillas: Stoinski et al., 2002) and even fewer do so in wild
populations (baboons: Fourie and Bernstein, 2011, Fourie et al., 2015, Gesquiere
et al., 2005; vervets: Laudenslager et al., 2012; mountain gorillas: Robbins and
Czekala, 1997), a general pattern of infant hypercortisolism followed by a juvenile
lull in cortisol has been reported across taxa. The significance of the lull during
late juvenility is poorly understood, but there is some evidence to suggest that
high cortisol during early life has deleterious effects on cognitive development
(e.g., Arnsten et al., 2009; Lupien et al., 2009; Pechtel and Pizzagalli, 2011),
especially in experimental studies of extreme early life stress (e.g., Clarke et al.,
1993; Sanchez, 2006; Harlow and Harlow, 1962). High cortisol may also
suppress gonadal function and maturation, and alter the timing of puberty (Ellis,
2004; Ellis and Essex, 2007; Shi et al., 2011). Though the deleterious effects of
high cortisol and high stress during development have received much attention,
its pattern of normative development, and potential integration with DHEA/S
during development is less well-understood and warrants further investigation.
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In this study, we use long term data from wild East African chimpanzees
(Pan troglodytes schweinfurthii) to track adrenal hormone production throughout
development. We aim to test the hypothesis, based on prior studies in captivity,
that chimpanzees experience human-like patterns in the timing of adrenal
maturation, and extend previous work by providing increased resolution on the
timing of adrenal development. First, we describe developmental increases in
DHEAS in wild male and female chimpanzees from infancy through early
adulthood (20 y.o.). In line with cross-sectional studies, we predicted that DHEAS
concentrations would begin to rise before puberty and continue to rise through
early adulthood. As chimpanzees generally mature faster than humans, we
expected adrenarche to occur earlier in chimpanzees compared to humans. If
sex differences in adrenarche are evolutionarily conserved, we expect that
increases in DHEAS should occur earlier among female chimpanzees compared
to males, but that those increases should be larger among males. Second, we
aimed to establish developmental patterns in cortisol production during the same
developmental period and determine whether this pattern differs by sex. While
we had no a priori prediction specific to chimpanzees, we aimed to determine
whether these patterns parallel those reported for humans by Wudy et al. (2007).
If both adrenal hormones follow a common developmental blueprint in
chimpanzees and humans, this would be strong evidence to suggest an
integrated pattern of adrenal development present in the last common ancestor
and implicate a role for adrenal maturation in the evolution of extended
development in humans and great apes.
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Methods:
Study site and sampling methods
Data were collected between 1998 and 2017 from the Kanyawara
community of chimpanzees in Kibale National Park, Uganda. This Kanyawara
community resides in primarily moist deciduous forest punctuated by secondary
forest and small swamps. Kanyawara chimpanzees have been followed
continuously by researchers and local field assistants with the Kibale
Chimpanzee Project since 1987 (Muller and Wrangham 2014; Wrangham et al.,
1996). All chimpanzees included in this study were well-habituated and
individually recognized. Community size ranged from 41-54 chimpanzees over
the study including 8-11 adult males (age 15+), 13-18 adult females (age 10-12,
after first fully tumescent swelling), 11-17 immature males, and 6-16 immature
females. Immigrant females are assigned an age of 12.5 years from the first day
that they are seen in the community based on the known age of emigration from
this community. Birthdates for those individuals born after the study began were
estimated based on the time since the mother had last been observed without
the infant and the infant’s appearance compared to infants of known age.
Birthdates for all individuals born during our sampling period are known to within
one month.
As the developmental patterns that we were interested in examining have
been corroborated across multiple matrices (e.g. serum, urine, feces, and hair) in
humans and non-human primates, we assayed urine samples for adrenal
hormones because they can be collected non-invasively, which allowed us to
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collect samples more frequently and without disturbing the chimpanzees. Further,
non-invasive collection does not cause undue stress that may affect adrenal
hormone levels (Castracane et al., 1981). Urine samples were collected
throughout the day via one of two methods. Under ideal conditions, researchers
and field assistants collect fresh, uncontaminated urine by catching it in clean
plastic sheeting or plastic bags spread beneath subjects. Alternatively, when
researchers and field assistants could confirm that the sample was
uncontaminated by other, previous deposits, urine was pipetted from surrounding
vegetation (Emery Thompson et al., 2005; Kahlenberg et al., 2008). Urine was
catalogued and frozen on the day of collection. Samples were stored frozen and
then transported to the US, where analyses took place at Boston University
(2003-2008) and the University of New Mexico (after 2008). All urine samples
with a specific gravity higher than 1.003 are assayed for cortisol as a part of the
core endocrine program of the Kibale Chimpanzee Project and a subset of the
sample collection were assayed for DHEAS.
Ethics Statement
In accordance with guidelines and best practices for field primatology put
forth by the American Society of Primatologists, all data collected for this study
were non-invasively collected. Protocols were reviewed and approved by the
University of New Mexico (IACUC 19-200862-MC). All data were collected with
explicit permission and appropriate permits from the Uganda Wildlife Authority,
Uganda National Council for Science and Technology, and Makerere University
Biological Field Station.
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DHEAS assay procedure
We assayed for urinary DHEAS, as opposed to DHEA, because it is more
stable than its unconjugated form, is known to circulate in higher concentrations
in chimpanzees (Cutler et al., 1978), and prior studies indicate that approximately
74% of administered DHEA is excreted as DHEA-S by chimpanzees (Hauser et
al. 2008). Both chimpanzee and bonobo urine have previously been validated for
use in commercially-available immunoassays of DHEA-S (Anestis et al., 2009;
Behringer et al., 2014). We aimed to sample individuals under 12 y.o. at least
once per month and those over 12 y.o. quarterly using the following criteria. We
excluded dilute samples (specific gravity < 1.003), as such samples generally
contain very low and often undetectable amounts of steroid hormones, unless
those samples were the only ones available for assay (4% of samples). Second,
as DHEAS is known to degrade with multiple freeze-thaw cycles (Behringer et al.
2012), we excluded samples that had been stored for more than five years and
those that had been previously thawed for other assays. Previous studies did not
detect any significant diurnal pattern in urinary DHEAS among bonobos
(Behringer et al. 2014) or chimpanzees (Anestis et al. 2009), and we neither
could we detect a clear pattern in our chimpanzee pilot sample. However, we
prioritized mid-day samples to minimize the potential for any confounding effects
of time of day.
We used a liquid-liquid extraction technique following Behringer et al.
(2012) using tert-butyl methyl ether (TMBE) to separate free steroids from
conjugated ones and, thus, isolate DHEAS from DHEA. We then dried down
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each sample and stored them frozen at -40°F until the day of assay. To assay
samples for DHEAS, we brought samples to room temperature and reconstituted
in Dulbecco’s phosphate buffered saline. After reconstituting, we vortexed
samples for 45 minutes to ensure that each was thoroughly mixed. Reconstituted
samples were assayed for DHEAS in duplicate using a commercially available
RIA kit (MP Biomedicals, catalogue number 07230105, Santa Ana, CA) with a
minimum sensitivity of 9 ng/ml. We followed the manufacturer’s instructions
included in the kit with one adjustment: to minimize potential for matrix effects,
we added 25 μl of assay buffer to all standards and samples. Interassay
coefficients of variation were 15.2% for high controls and 15.6% for low controls,
respectively. We confirmed accuracy using a recovery test of standard
concentrations suspended in a urine sample. Percent recovery was between
94.1% and 99.7% of expected values. Serial dilution of a chimpanzee urine
sample resulted in a response (y = 0.53x – 40.77) that was parallel with the
standard curve (y = 0.50x + 0.49; f = 0, df = 1, p = 1.0). MP Biomedicals reports
100% cross reactivity of this assay with DHEA; however, the extraction technique
accounts for this by isolating DHEA in the organic layer thus after decanting, only
DHEAS remains in the sample (Behringer et al. 2012). Cross reactivity with
androsterone was 20%, androstenedione was 6%, and all others (estrone,
progesterone, testosterone, 17β-estradiol) were <1%.
Because we could not repeat samples due to decay in recovery
associated with multiple thaws (Behringer et al. 2012), results were only obtained
on initial run. Therefore, for samples near the minimum limit of detection (8-40
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ng/ml), we excluded all samples with a CV over 30%, leading to an intra-assay
CV of 12.5% based on duplicates of low concentration samples (<40 ng/ml). For
the remaining samples (>40 ng/ml), we excluded samples with a CV higher than
20% and the intra-assay CV was 7.4%. Our final dataset included 1385 urine
samples from 56 individuals (f=34, m=22, Table 1). As one specific goal of this
investigation is to compare hormone levels across age groups and standardizing
for creatinine would introduce error due to body size (Emery Thompson et al.
2012), we corrected samples for urine concentration using specific gravity.
DHEAS levels were undetectable in 296 of 1385 samples assayed. Given
that overly dilute samples were already excluded, the remaining undetectable
results likely represent true low values, indicating that DHEAS is circulating at
minimal levels. Undetectable values should be expected prior to adrenarche,
and, indeed, most undetectable samples were concentrated among chimpanzees
aged 1 to 5 y.o. (n=218, 74%). To adequately characterize developmental shifts,
it was necessary to assign these undetectable samples to the minimum
detectable value for the assay: 9 ng/ml.
Cortisol assay procedure
Enzyme-immunoassay procedures were described in detail in several
previous publications (see Emery Thompson et al., 2005; Kahlenberg et al.,
2008; Muller et al., 2007). Cortisol was assayed at various points between 2005
and 2018. While we used a consistent protocol across the entire time period, this
involved two different laboratories (Boston University 2005-2007; University of
New Mexico 2008-2018). Upon the initial transition, we used the same stocks of
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Table 1: Samples size and summary statistics for DHEAS and cortisol

Urine
Samples

Unique
IDs

Chimp
Half-Years

Half-Years
per ID

Samples per ID
per Half-Year
Ave. (Min-Max)

Ave. Hormone
Values per Half-Year‡
(Min-Max)

F

756

31

203

6.55 (1-12)

3.61 (1-20)

185.98 ng/ml
(0.84-2635.10)

M

629

22

181

8.23 (2-16)

3.60 (1-17)

170.43 ng/ml
(0.90-1401.63)

F

6476

45

363

9.37 (1-33)

17.84 (3-111)

34.93 ng/ml
(0.08-1562.27)

20.74 (3-95)

43.60 ng/ml
(0.13-1087.36)

Hormone

DHEAS

CORTISOL
M

✝

6250

23

302

13.36 (1-28)

CV

7.4%,
12.5%✝

6.0%

CV for high concentration samples (>40 ng/ml) and low concentration samples (<40 ng/ml), respectively
‡Average untransformed half-year values of each hormone corrected for specific gravity, cortisol values have not been
corrected for time of day
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reagents and internal controls which yielded consistent performance. Interassay
CVs for the full set of assays across both labs were 13.4% for the low control and
12.5% for the high control, and the CV between the average control values from
the two labs was 7.3% for the low control and 5.0% for the high control. In 2016,
we exhausted our reagent stocks and calibrated new stocks against the old
assay. To verify that the standard curve performed equivalently, we ran 6 assays
with the old controls and verified that they performed nearly identically to the
previous assay (low control: 536 vs. 548 pg/ml, CV = 1.6%; high control: 1096 vs.
1087 pg/ml, CV = 0.1%). Interassay CVs for assays conducted between 2016
and 2018 were 17.3% for the low control and 10.3% for the high control. While
these data generally indicate that the assay performed consistently over time, we
entered a random factor in our models for the year of assay to minimize noise
that may have resulted from unavoidable change in reagents, equipment, and
software across the study.
We selected results from individuals 20 years old and younger, excluding
results with CVs higher than 15%. Our dataset included 12,726 samples from 68
individuals (f = 45, m = 23, Table 1). Intraassay precision, calculated as mean CV
of duplicate determinations, was 6.0%. Accuracy, measured as the recovery of
standard concentrations suspended in a urine sample, was 105 ± 23%. Serial
dilution of a chimpanzee urine sample resulted in a response (y = -0.38x + 1.23)
that was parallel with the standard curve (y = -0.34x + 1.06; t = -0.69, df = 12,
p=0.50).
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Cortisol values were corrected for urine concentration using specific
gravity and log-transformed to satisfy assumptions of normality. As cortisol is
produced (Chung et al., 2011; Young et al., 2001) and excreted (Muller & Lipson
2003) according to a strong circadian pattern, we adjusted values for time of day
before analysis. Preliminary analyses indicated that urinary cortisol levels
followed the expected sigmoidal pattern with time of day, starting high and
ending low. Thus, we used generalized linear mixed-modeling, or GLMM (R
package lme4), to fit a predicted third-order polynomial equation for cortisol
against time of day. To account for uneven sampling, we included random effects
for assay year and individual identity in generating the global curve, but then
calculated the residual value of each sample from the fixed effects of the model
only (i.e., preserving individual variation in intercepts).
Data analysis
Our primary goal for this investigation was to describe developmental
patterns in urinary DHEAS and cortisol as opposed to identifying the sources of
daily variation in hormone levels. Thus, to minimize noise and also help to
mitigate any potential problems that may arise from unequal sampling across
individual chimpanzees which is unavoidable due to the non-invasive,
opportunistic nature of this study, we calculated median hormone values for each
individual for each half-year age interval that they were included in the study. We
believe that, despite the smaller sample size, this approach should lead to a
better model for our parameters of interest (age and sex) and provides less risk
of violating model assumptions. Regardless of the number of total urine samples,
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our limiting factors in this analysis are number of individual chimpanzees that
contribute to the model and the amount of developmental time that we each
individual is captured in the sample. Our final dataset for DHEAS was calculated
from 1385 samples and represented 384 chimpanzee half-years (female = 203,
male = 181) from 53 unique individuals (females = 31, males = 22, Table 1). For
cortisol, we calculated median time-corrected values for each individual during
each half-year age interval with a minimum inclusion criterion of three samples.
Our final dataset used 12,726 urine samples and represented 664 chimpanzee
half-years (female = 363, male = 301) from 68 unique individuals (females = 45,
males = 23, Table 1).
We anticipated non-linear relationships between these variables and that
the data would be relatively noisy. Accordingly, we used generalized additive
models, GAM (R package mgcv version 1.8-27, Wood 2017), to investigate agerelated shifts in DHEAS and cortisol production from infancy through early
adulthood. Visual inspection indicated that the distribution of both DHEAS and
cortisol half-year data-points were skewed so we log-transformed each to satisfy
assumptions of normality. We used GAMs to model the developmental trajectory
of each hormone including sex and age as fixed effects. Sex was a factor of two
levels (male and female) and was entered as a parametric effect similar to an
intercept-only effect in generalized linear modeling (GLM). To model changes in
hormone levels with age, we included age as a smooth term, a mathematical
function that describes a nonlinear relationship between a given continuous
predictor and a dependent variable. To allow this relationship to vary by sex, we
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used the “by” function to fit separate smooths for each sex. This approach is
similar to an age by sex interaction in a generalized linear model where the slope
of a line may vary between levels of a second predictor. Individual identity and
mother’s identity were included as random variables to account for unequal
sampling of individuals across age categories and maternal effects, including
multiple sets of siblings, respectively.
To more precisely examine the average age of adrenarche, we extracted
the first derivatives and associated confidence intervals of the age smooth from
each GAM using the gratia package in R (version 0.2-1, Simpson 2019). We
identified average age of adrenarche for each sex as the point at which the
derivative of age on DHEAS crossed the zero-point line, representing a shift from
a negative slope to a positive slope. We included simultaneous confidence
intervals to estimate uncertainty around age of adrenarche.

Results:
DHEAS and Adrenarche
Across sexes, median DHEAS (specific gravity-corrected half-year
averages) exhibited an initial decrease after early infancy, reaching a nadir
between 2 and 4 y.o. (16.96+16.13 ng/ml) and then steadily increasing through
early adulthood (488.39+187.45 ng/ml; Figure 1). Male and female DHEAS levels
largely overlapped and the GAM (Table 2, Figure 2, R2=0.65, Deviance explained
= 68.6%) indicated no overall sex difference in DHEAS (p = 0.40). The initial
GAM indicated that age splines were significant in both sexes and the female
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spline was less wiggly, having relatively fewer effective degrees of freedom
compared to the males (Table 2). To explicitly test whether the spline for males
was significantly different from the spline for females, we ran the GAM a second
time considering sex as an ordered factor and found no significant difference in
the spline of age on DHEAS for males with respect to females (p = 0.12).

Table 2: Results for estimates of parametric coefficients and effective degrees of
freedom of smooth terms for DHEAS (GAM, R2 = 0.65, Deviance explained =
68.6%).
Parametric Coefficients
Intercept
Sex (m)
Smooth Terms
Age x Female
Age x Male

Estimate
3.88
-0.17
edf
5.81
7.03

P-value
<0.001
0.404
P-Value
<0.001
<0.001

Fig. 1: Scatterplot and loess regression of DHEAS concentrations with age (in
years) in females (n = 31) and males (n = 21). Each point represents an
individual during a given half-year age interval. Females are shown in red,
circles, and dashed line. Males are shown in blue, triangles, and solid line.

81

Figure 2: Partial Effects plots for DHEAS showing the smooth of DHEAS
concentrations on age for females (A, n=31, edf = 5.81, p<0.001) and males (B,
n=22, edf = 7.03, p<0.001), and the partial parametric effect of sex on DHEAS
(C, -1.17, p=0.40). Overall comparison of DHEAS concentrations between males
and females also shown for reference (D).

To identify take-off points in DHEAS production that would indicate the
onset of adrenarche, we extracted the first derivatives and their confidence
intervals from each smooth on age (Figure 3). The slope of the male smooth
switched from negative to positive at approximately 2.85 y.o. (95% CI: 2.463.32). Females exhibited a shift in velocity around the same age, as the slope
became positive around 2.61 y.o. (95% CI: 1.75-3.44). After crossing the zeropoint, first derivatives remained elevated from about 4 to 10 y.o. before slowing
down and neither males nor female derivatives crossed back into negative
values. Thus, these crossover points marked the start of sustained increases in
DHEAS consistent with adrenarche.
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Fig. 3: First derivatives of DHEAS on age for females (A, n = 31) and males (B, n
= 22). Horizontal line at zero added to highlight adrenarche (females = 2.61
(1.75-3.44) y.o., males = 2.85 (2.34-3.32 y.o.)), defined as the earliest age at
which the smooth of DHEAS on age changes from negative to positive.
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Cortisol
After correcting for time of day, median residual cortisol values ranged from -3.21
to 2.04. Cortisol levels generally declined through infancy and juvenility, reaching
a nadir between 6-7 y.o. in females (-0.71+0.08) and 11-12 y.o. in males (0.50+0.21, Figure 4). After this nadir, concentrations increased slightly in both
sexes (Table 3, R2 = 0.19, Deviance explained = 24.2%). At approximately 15-16
years old a sex difference emerged as male concentrations continued to
increase, while females levelled off. The male spline of age on cortisol was not
significantly different than the spline for females (p=0.09), however, despite the
broad overlap in males’ and females’ cortisol early in life, males had higher than
females in early adulthood (m = 0.39+0.38, f = -0.23+0.15) and overall (p=0.03,
Figure 5).

Table 3: Results for estimates of parametric coefficients and effective degrees of
freedom of smooth terms for cortisol (GAM, R2 = 0.19, Deviance explained =
24.2%).
Parametric Coefficients
Intercept
Sex (m)
Smooth Terms
Age x Female
Age x Male

Estimate
-0.28
0.21
edf
2.70
3.24

P-value
<0.001
0.023
P-Value
0.013
<0.001
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Fig. 4: Scatterplot and loess regression of time-corrected cortisol concentrations
with age (in years) in females (n = 45) and males (n = 23). Each point represents
an individual during a given half-year age interval. Females are shown in red,
circles, and dashed line. Males are shown in blue, triangles, and solid line.

Fig. 5: Partial effects plots showing the smooth of time-corrected cortisol and age
for females (A, edf = 2.70, p = 0.13) and males (B, edf = 3.24, p < 0.001) and
partial parametric effect of male sex compared to female as the reference sex on
time-corrected cortisol (C, m = 0.21, p = 0.03). Overall comparison of timecorrected cortisol between males and females (D) also shown for reference .
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Discussion:
While prior reports have pointed to a human-like pattern of adrenal maturation in
chimpanzees, they have provided limited resolution on the timing and variability
of this developmental pattern. In this first report on adrenal development in wild
chimpanzees, we used an extensive longitudinal dataset to quantify
developmental shifts in urinary DHEAS and cortisol, allowing for the
determination of the ages of adrenarchal onset and potential sex differences in
prepubertal steroid production. A clear signature of human-like delayed
adrenarche was observed. In chimpanzees of both sexes, levels of urinary
DHEAS were very low after 6 m.o. and began increasing around 2.5-3 y.o., well
before puberty (which occurs at approximately 8-12 years, Emery Thompson and
Sabbi, in press). Our results are consistent with the earliest cross-sectional
reports of increased DHEAS among captive chimpanzees (3 y.o., Cutler et al.,
1978) and histological examination of chimpanzee adrenal tissue that detected
islands of the ZR in a 3 y.o. chimpanzee (Parker et al., 2014). Both sexes
exhibited a significant pattern of increase that continued through adolescence
leading to levels of DHEAS in early adulthood that were over 20x as high as
those as those measured at the takeoff point. This pattern contrasts with what
has been observed in Old World monkeys, where maturation of the ZR occurs in
the early postnatal period and DHEA/S declines across development (Cutler et
al. 1978; Castracane et al., 1981; Conley, Pattison, &Bird, 2004; Ducsay et al.,
1991; Levine et al., 1982; Nguyen et al., 2008).
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Unlike humans, chimpanzee females did not reach adrenarche at earlier
ages than males, and there was no significant sex difference in urinary DHEAS
concentrations during development or in early adulthood. Previous reports from
great apes have similarly failed to find a sex difference in DHEAS concentrations
(orangutans: Prall et al., 2015; western lowland gorillas: Bernstein et al. 2012;
Cutler et al., 1978; bonobos: Behringer et al., 2012; and captive chimpanzees:
Anestis et al., 2009; Copeland et al., 1985; Cutler et al., 1978; Smail et al., 1982).
In humans, higher DHEAS among men is detectable by 11-15 y.o. (Šulcová et
al., 1997), and this difference persists throughout life (Hopper & Yen, 1975;
Orentreich et al., 1984; Šulcová et al., 1997). While the adrenal glands produce
the majority of circulating DHEA/S in humans (Endoh et al., 1996; Ibáñez et al.,
2000; Parker, 1991a/b), DHEA/S is also synthesized in the human gonads, which
may contribute to sex differences in DHEA/S after puberty (Forest et al., 1978;
Remer et al., 2005). Although it is impossible to determine the tissue of origin for
DHEAS detected in urine, the lack of a detectable sex difference in DHEAS
concentrations among great apes, could reflect species differences in adrenal or
gonadal production.
In humans, adrenarche coincides with a period of significant
morphological and behavioral change, including the development of complex
social behavior, and associated cognitive competencies (Campbell, 2011; Del
Giudice et al., 2009; Del Giudice 2018; Haith & Sammerhoff, 1996). While its
secondary conversion to other steroids in the gonads and other peripheral
tissues (Labrie et al., 1995) may contribute to emerging phenotypic sex
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differences during adrenarche, DHEA/S is suggested to play only a minor,
supporting role in physical aspects of development (Del Giudice, 2018; Palmert
et al., 2001). However DHEAS has been implicated more directly in
neurocognitive development (reviewed in Majewska, 1995; Ritsner, 2010) and is
thought to play a pivotal role in the prepubertal activation of prenatally organized
sexually differentiated neural pathways (Del Giudice et al., 2009; Del Giudice
2018). Sex differences in behavior also diverge around the time of adrenarche in
humans, including differences in play style (Smith, 2005), increases in boys’
aggression (Pellegrini and Archer, 2005), and, in turn, increasingly sexsegregated play (Benenson 1994; Benenson et al., 1997; Maccoby, 1990; Smith
2005). While DHEA/S increases sharply in both sexes, it can nonetheless
influence sexually-differentiated behavior by interacting with sex steroid receptors
in the brain, activating sexually-differentiated pathways that were organized
prenatally (Del Giudice et al., 2009; Soma et al., 2015). It is important to note that
DHEA/S is also produced locally in the brain and, as with other steroids, links
between measurable peripheral circulation and action on the brain are uncertain
(Zwain and Yen, 1999). However, the comparative data across primate taxa
provide strong circumstantial evidence to suggest that differences in the timing
and pace of adrenal development correspond with different paces of brain
development (Conley et al. 2012).
Although relationships between DHEAS and chimpanzee behavior have
not yet been directly investigated, several milestones in behavioral and cognitive
development generally overlap with the timing of adrenarche. In populations
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where tool-assisted foraging is prevalent, chimpanzees become more exploratory
and begin interacting with tools by about 3 y.o., achieving their first tool-use
successes around 4 y.o. (Inoue-Nakamura & Matsuzawa, 1997; Lonsdorf, 2005).
While play is a prominent feature of chimpanzee behavior throughout
development, the amount of time that young chimpanzees spent in solitary play
trades off for social play around 3 y.o. (Lonsdorf et al., 2014b). Some sex
differences in chimpanzee sociality also can also be detected around the time of
adrenarche. At Gombe, males were more independent from their mothers and
also directly interacted with more social partners than females by 3-4 y.o.
(Lonsdorf et al. 2014a/b). Infant and juvenile males at Mahale had higher
centrality in play networks compared to females, who were more peripheral
(Shimada & Sueur, 2014). These early-emerging sex differences among
chimpanzees foreshadow sex differences in adult social strategies and, as they
become detectable up to 5 years before puberty, they cannot be easily explained
by differences in gonadal steroid concentrations. Future work should delve
further into the possible roles of DHEAS in behavioral development, especially in
regards to the relationships between rising DHEAS concentrations and diverging
social strategies in prepubertal great apes.
In addition to similarities in DHEAS, developmental shifts in chimpanzees’
cortisol concentrations also resembled recent findings from humans (Wudy et al.
2007). Cortisol decreased through infancy and early juvenility, reaching a midjuvenile nadir (between 6-12 y.o.) before increasing into adulthood. This general
age-related pattern has been reported in the few available studies of normative
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cortisol in other primates (e.g. baboon spp: Fourie and Bernstein, 2011; Fourie et
al., 2015; Gesquiere et al., 2005; Laudenslager et al., 2012; marmosets: Pryce et
al., 2002; ring-tailed lemurs: Tennenhouse et al., 2016); however sex differences
are less consistent across taxa. In this study, chimpanzee male cortisol
concentrations increased to higher levels than females, leading adult males to
have higher cortisol than females. A similar sex difference has not been reported
in other non-human primates (Fourie and Bernstein, 2011; Fourie et al., 2015;
Gesquiere et al., 2005; Laudenslager et al., 2012; Pryce et al., 2002;
Tennenhouse et al., 2016), but has been observed in humans (e.g. Shamim et
al., 2000; Vierhapper et al., 1998; Wudy et al., 2007). Increased male cortisol
emerged later in chimpanzees (15-16 y.o.) compared to humans (11-12 y.o.),
which was unexpected given that chimpanzees generally mature and achieve
developmental milestones more quickly than humans (Emery Thompson &
Sabbi, in press). The causes and consequences of these changes in cortisol
levels remain relatively unexplained. Wudy et al., (2007) detected a sex
difference in 5α-reductase activity that also emerged around puberty. While this
may implicate that broader sex differences in steroid hormone metabolism
contribute to sex differences in glucocorticoid levels among humans, it has not
been directly tested in humans or other primates.
Several authors have suggested that, in humans, the ultimate explanation
for dipping cortisol levels during the years that DHEA/S is rapidly increasing
relates to the anti-glucocorticoid actions of DHEAS as elevated cortisol in early
life can be detrimental to normal development (Campbell, 2006, 2011; Del
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Giudice et al., 2009, 2001; Del Giudice, 2018). However, whether these aspects
of adrenal development are functionally coordinated remains a matter of
speculation. The normative development of HPA activity has rarely been
examined in humans, much less in other primates, perhaps because early
studies suggested that there was little developmental change. However, as
similar developmental shifts in cortisol have been documented in humans,
chimpanzees, and the few other primate species that have been studied, while
reported shifts in DHEAS differ so markedly between the apes and other
primates, broader comparative data are needed to understand the functional
relevance of these patterns and how they evolved.
Our results take an important step forward by establishing developmental
shifts in cortisol concentration in a wild great ape. Establishing this normative
pattern of cortisol production during early life is critical in any attempt to
understand how variation in early life stress might impact development, stress
physiology, and behavior later in life. While adding enhanced resolution to the
prior captive reports from chimpanzees, these data also confirm that a strong
adrenarchal signal is present under natural developmental conditions. In doing
so, our study supports the conclusion that the unusual pattern of prolonged
adrenal development in humans is not a novel evolutionary trait but an
elaboration on a preexisting derived pattern in our last common ancestor with
great apes, or perhaps more recently, with chimpanzees and bonobos. Given
that the human pattern of adrenarche is hypothetically implicated in the extension
of brain development (Campbell 2011; Conley et al., 2012), and particularly to

91

the significant neurological and behavioral development of middle “childhood”
(Bogin 1997; Campbell, 2006, 2011; Del Giudice et al., 2011), these similarities
in pattern may suggest functional similarities for the as-yet understudied
postweaning developmental period of apes.
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CHAPTER 5: SUMMARY AND CONCLUSIONS
The over-arching goal of this project was to set up a comparative
framework for understanding gendered human behavior by examining three
potential drivers of sexually differentiated social behavior in wild chimpanzees.
While many important discoveries about the ways that early life conditions and
hormonal physiology govern behavioral development have been made through
experimental manipulation using captive non-human primates, such
manipulations inherently limit our understanding of how these mechanisms
operate under naturalistic conditions. Conversely, field studies of development
have historically been hampered by small sample sizes and the difficulty of
following infant and juvenile primates, as well as primates extremely long
developmental periods. I used an interdisciplinary approach to overcome these
obstacles, collecting 24 months of focused primary data on wild immatures
chimpanzees spread over five years to maximize the number of infants and
juveniles that were included in this study and to gain a longitudinal perspective
on sex differences in their social experiences, attention to social interactions, and
hormonal physiology.
Together, the results of my dissertation show that all three mechanisms
contribute to domains of social behavior that differ between chimpanzee males
and females. In line with sex differences in the use of aggression as adults,
young male chimpanzees experienced more aggression than females. However,
this was better explained by early-emerging behavioral differences like the use of
aggression rather than sex, per se. Thus, increased male aggression may result
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from an innate propensity that is then magnified by young chimpanzees’ social
environment. Males neither spent more time watching a grooming bout between
two neighbors, nor were they inherently more likely to begin a grooming bout
after exposure to one. But those males that did pay close attention by peering
were much more likely to model grooming behavior than both males that did not
peer and even females that did. Together, this supports the hypothesis that
underlying differences in attention and response to social stimuli may encourage
the development of sex differences in sociality. Chimpanzees experienced
prepubertal increases in the adrenal androgen, DHEAS, confirming human-like
adrenarche in a wild ape for the first time. Like the 5-to-7 shift in humans,
chimpanzee adrenarche coincided with emerging sex differences in sociality.
While the roles of adrenarche and associated hormone shifts remain unclear,
results support that these developmental events once thought to be unique to
humans have deeper evolutionary roots and may be implicated in the
development of sex differences that emerge prior to puberty.
Each reported sex difference in behavior corresponds with gendered
human behavior and, yet, they all arose in chimpanzees in the absence of
teaching and gendered socialization. Further, each mechanism measured here is
one that stands to impact behavioral development among humans. This suggests
that, the time that human-like culture and teaching evolved, it is likely that other
mechanisms, including the three reported here, were already at work shaping the
basic differences in male and female sociality that humans share with other
primates. It is also likely that, rather that replacing or supplanting previous
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developmental mechanisms, gender socialization was instead laid over them,
effectively complementing or amplifying differences that already existed through
codified cultural constructs.
While the findings presented here are important for understanding the
evolution of human behavior, the broader impacts of this dissertation extend
beyond anthropology. In chapter two I adapted established methods from
developmental psychology and captive studies of animal cognition to suit the wild
conditions. This advancement can help both fields of inquiry expand upon what
we have learned toward understanding how psychological and cognitive
mechanisms operate to shape behavior under naturalistic conditions. I have
contributed to studies of hormonal development methodologically by adapting
existing methods to assay DHEAS from urine samples so that other researchers
could replicate our work. By helping to advance field data collection and
laboratory analysis, my dissertation benefits studies of both social and hormonal
development, and socio-cognitive evolution in humans and other animals.
Both the data and the results represent novel contributions that advance
our understanding of behavior and development in multiple disciplines from
multiple perspectives. Although the focus of this dissertation was to examine the
independent contributions of three potential developmental mechanisms, these
studies can be used to push our understanding of development even further by
setting up integrated investigations that can tease apart how all three factors
interact to produce behavioral differences. Thus, the framework constructed here
to understand how sex differences in social behavior emerge and develop can be
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applied across species, built upon to examine how multiple drivers work together,
and expanded toward studying individual differences.
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APPENDIX A: PROJECT DEMOGRAPHY
Table 1: Unique individuals by age category across seasons

Season

Unique IDs

2015
2016
2017
Total

24 (14, 10)
24 (15, 9)
24 (13, 11)
30 (16, 14)

Young Infants
(0-2.5 y.o.)
8 (7, 1)
11 (8, 3)
11 (6, 5)
15 (9, 6)

Older Infants
(2.5-5 y.o.)
5 (2, 3)
5 (3, 2)
3 (2, 1)
7 (4, 3)

Juveniles
(5-10 y.o.)
11 (5, 6)
8 (4, 4)
10 (5, 5)
15 (6, 9)

Counts of unique individuals (including number of females and males,
respectively, in each parenthesis) for each data collection season divided by
broad age categories. Young infants (0-2.5 y.o.) were those that were still mostly
dependent on their mothers for nutrition (Emery Thompson et al., 2012). Older
infants (2.5-5 y.o.) had more independence but were not yet weaned. Juveniles
(5-10 y.o.) were those offspring that were weaned but still socially dependent
upon their mothers (Goodall, 1986; Pusey 1983).

123

Table 2: Individual immatures included in this study.
Code
AE
AN
AO
AZ
BT
LL
MC
MM
MN
NPT
OL
OM
OP
OTB
OTR
OY
PL
QK
QV
RS
TR
TS
TZ
UN
UT
WC
WE
WJ
WO
WZ

Name
Leakey
Azania
Lobo
Likizo
Basuta
Lilly
Mucoso
Mango
Moon
Stella
Gola
Omusisa
Olympia
Tembo
Tambara
Omukunyu
Pele
Quake
Quiver
Ross
Thatcher
Tsunami
Tangawizi
Unasema
Utah
Wallace
Wenka
Wanji
Willow
Winza

Mother
AL
AL
AL
AL
BL
LN
ML
ML
MU
NP
OU
OU
OU
OT
OT
OU
PO
QT
QT
RD
TG
TG
TG
UM
UM
WL
WA
WA
WC
WA

Sex
F
F
M
M
M
F
M
F
M
F
F
F
F
M
M
F
F
F
M
M
F
F
M
M
F
M
F
M
F
M

Age at Start
0.9
5.7
born Aug. 2016
10.0
4.6
2.2
born Jul. 2016
3.0
6.1
0.3
5.9
9.6
0.9
3.0
born May 2016
born May 2016
0.3
0.3
6.5
0.2
3.2
10.0
1.2
10.0
born Dec 2015
6.4
7.6
born Dec 2016
0.1
2.7

Age at End
3.4
8.3
1.0
7.1
4.7
1.1
5.5
8.6
2.9
8.4
died 2016
5.5
1.2
1.2
2.8
2.8
9.0
died 2016
5.7
1.3
1.6
9.0
10.0
0.6
2.5
5.2

List of individuals all included in this study including their mother, sex, and the
span of their age from the start to the end of the study. Individuals that were born
after the start of the study or died before the end are noted as such. Those
individuals that aged out of the study are denoted with hyphens (-).
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APPENDIX B. SUPPLEMENTARY TEXT, TABLES, AND FIGURES FOR
CHAPTER 2

Materials and Methods:
KCP Data Aggregation and Analysis: We used all-occurrence aggression records
collected by the Kibale Chimpanzee Project (2005-2017) to characterize
aggressive exposure among immature chimpanzees (see Table S1 for summary
statistics). We considered two elements of aggressive exposure: aggression
witnessed, and aggression directly received, and measured each in half-year age
intervals from birth to 9 y.o. To calculate how much aggression each immature
witnessed, we matched each aggressive incident to the nearest preceding party
composition record to determine which immature individuals were present in the
party during the aggressive behavior. Then we counted the number of times that
each immature was present during an aggressive incident during each half-year.
To measure aggression received we counted the number of times that each
immature was recorded as a victim or an aggressor, respectively. To determine
what types of chimpanzees were responsible for aggression against immatures
we first extracted all instances of immature victims. From that subset of
aggressive encounters, we assigned an age-sex class to each aggressor and
then counted the frequency of each type of aggressor. We used party
composition scans to calculate observation hours for each immature during each
half-year interval with a minimum inclusion criterion for this study was 50
observation hours per immature per each half year.
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Then we fit GLMMs to each measure of aggression to track the
relationship between age, sex, and their interaction and each metric of
aggression during development. Counts of aggression witnessed were overdispersed and we therefore modelled it using a quasipoisson error distribution. In
addition to overdispersion, aggression received and displayed included a large
proportion of zeros, however we did not expect a separate process to cause
those extra zeros that were observed. We therefore used a negative binomial
error distribution to model aggression received and displayed. We included
observation hours as an offset term in each model.
Early Social Experience Data Collection and Analysis: To investigate differences
in three aspects of early social environments that may contribute to aggressive
exposure, KHS collected detailed spatial data including party and proximity scans
during 2-hour focal follows of immature chimpanzees (under 9 y.o.) over three
seasons from Jan-Aug in 2015, 2016, 2017 (see Table S3 for summary statistics.
At 15 min. intervals during each follow (n = 752, females = 491, males = 261),
KHS recorded the identity of each individual in the party with the focal immature,
as well as mother-offspring distance and the identify of all non-mother individuals
within 5 m of the focal immature.
We used KHS focal data to determine whether party-level exposure to
adult males, spatial independence from mothers, and attraction to adult males
differs between males and females and how these patterns may change with
age. For each metric of early social experience, we considered each focal follow
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as our unit of analysis and calculated focal age on the day of each follow. First, to
measure party level exposure to males we scored whether at least one male was
present during each party composition scan. Second, to measure spatial
independence we scored whether focal immatures were within 5 m of their
mothers given that their mother was in the party (n = 739, 98% of focal scans).
Third, we used proximity scans to measure attraction to adult males, scoring
whether immatures were within 5 m of at least adult male, given that one was
available (n = 581, or 77% of focal follows). Then we counted the number of
scans that each condition was satisfied for each focal. All models comprised
GLMMs with a Poisson error distribution for count data (Bates et al., 2015).
Because the number of scans that satisfied the base condition (i.e. mother
present? At least one male present?) could vary between focal follows, we
included an offset in each model for total number of possible scans that could
have been scored for each early life variable. Age, sex, and their interaction were
considered in each initial GLMM and we subsequently removed the interaction
term if it was not significant. In all models we included random effects of season
to account for variation that could be attributed to differences in wider community
sociality between years and individual nested within mother to account for
unequal sampling and maternal effects, respectively.
Aggression displayed was calculated from KCP all-occurrence aggression
data in the same fashion as aggression received and modeled using the same
procedure.
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Additional Exclusions: We excluded orphans from this study because we were
primarily interested in understanding normative patterns of early life experience,
including mother-offspring distance, and because a pilot investigation showed
that all orphans received unusually high levels of aggression. Orphans were
removed from the KCP dataset starting with the half-year age that their mother
was last seen, from KHS data after the last focal follow before their mother
disappeared, and from the data collection season that their mother disappeared
in the integrated dataset.
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Table S1: Descriptive and summary statistics of KCP long term aggression data (2005-2017)

HalfIDs Years

Obs.
Hours1,2

Females

25

212

603.7 + 298
(50.751715.75)

Males

24

196

548.6 +
311.2
(55-1544)

408

577.2 +
305.3
(50.751715.75)

Overall

49

Aggression Witnessed
Ave. Rate
Total
Ave. (n) per
per Half(n)3
Half-Year2
Year2
48,657

214.990 +
3.10
(0-1209)

0.289 +
0.22

49,958

234.837 +
221.99
(0-1293)

98615

224.5 +
213.43
(0-1293)

Aggression Received
Ave. (n)
Ave. Rate
Total
per
per Half(n)3
Half-Year2
Year2
1178

3.797 +
6.67
(0-36)

0.001 +
0.02

0.339 +
0.33

2467

9.781 +
14.79 (0-80)

0.009 +
0.21

0.322 +
0.29

3645

6.672 +
11.68 (0-80)

0.002 +
0.02

(cont. on next page)
Descriptive statistics from KCP long term aggression data including sample sizes and variable summaries. 1Observation
hours represent the number of hours that each unique individual was observed per half-year. 2Average +/- SD (min-max).
3Total instances over the course of the study.
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Table S1: (cont. from previous) Descriptive and summary statistics of KCP long term aggression data (2005-2017)

(cont.)

IDs

Aggression Displayed

HalfYears

Females

25

212

Males

24

196

Overall

49

408

Hours1,2

Obs.
603.7 + 298
(50.75-1715.75)
548.6 + 311.2
(55-1544)
577.2 + 305.3
(50.75-1715.75)

Total
(n)3
255
818
1073

Ave. (n) per
Half-Year2
1.203 + 3.14
(0-29)
4.173 + 9.58
(0-81)
2.630 + 7.16
(0-81)

Ave. Rate per
Half-Year2
0.002 + 0.00
0.007 + 0.01
0.004 + 0.01

Descriptive statistics from KCP long term aggression data including sample sizes and variable summaries. 1Observation
hours represent the number of hours that each unique individual was observed per half-year. 2Average +/- SD (min-max).
3Total instances over the course of the study.
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Table S2: Descriptive and summary statistics from early life experience dataset (2015-2017)

Aggressor Age Class
Adult

All Immatures (n)

Total (n)1

M (15+)

3082

979

Males (n)
Prop. Aggr. 3
Females (n)
Prop. Aggr. 4

Juvenile

Infant

Mother

M (9-15)

F (9-13)

M (5-9)

F (5-9)

M (<5)

816

85

602

211

257

95

10

0.3177

0.2648

0.0276

0.1953

1847

669

477

71

339

0.5993

0.3622

0.2583

0.0384

0.1835

1214

304

335

14

257

0.3939

0.2504

0.2759

0.0115

0.2117

Prop. Aggr.2

F* (13+)

Adolescent

F (<5)
25

0.0685 0.0834 0.0308 0.0032 0.0081
106

105

53

5

22

0.0574 0.0568 0.0287 0.0027 0.0119
104

152

40

5

3

0.0857 0.1252 0.0329 0.0041 0.0025

Immatures (n = 51, f = 26, m = 25) received aggression from all age- and sex-classes of community members. 1The total
instances of aggression against immatures from 2005-2017. 2The proportion of all aggression directed at immatures by
each age- and sex- class of aggressor.
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Table S3: Descriptive and summary statistics from early life experience dataset (2015-2017)
Unique
IDs
(< 9 y.o.)

Total Focal
Hours

Females

14

984.25

Males

11

526.75

Overall

25

1511

Ave. Focal
Hours1
25.9 + 4.6
(13.5-35.5)
22.9 + 3.9
(15.75-31.5)
24.8 + 4.5
(13.5-35.5)

Spatial
Independence2
(>5 m from
Mother)

Exposure to
Adult Males2
(>1 Adult Male in
Party)

Proximity to Adult
Males2
(>1 Adult male < 5
m)

0.825 + 0.24

0.675 + 0.42

0.237 + 0.25

0.808 + 0.26

0.607 + 0.43

0.214 + 0.23

0.819 + 0.25

0.651 + 0.43

0.230 + 0.25

Descriptive summary of early life experience data (Jan-Aug, 2015, 2016, 2017) included in this study. 1Average focal
follows reflect the average number of hours that each individual in the study was followed per season and is reported as
average +/- SD (min-max). 2All early life experience measures are reported as average proportions per follow +/- SD. All
proportions ranged from 0 to 1.
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Fig. S1 Aggression received as predicted by (a) spatial independence, (b) partylevel exposure to males, (c) proximity to adult males, and (d) aggression
displayed.

Each panel reflect highlights potential interactions by separating the sample in half by age with
the youngest individuals on the left facet and older immatures on the right facet. In each panel
females are represented in red, circles, and dashed lines whereas males are in blue, triangles,
and solid lines.

Integrated Dataset and Model: To investigate how individual differences in early
life sociality contributed to aggressive experience, we created an integrated data
set, matching KCP aggression data to KHS data by extracting all measures of
aggression and KCP party-observation hours for each immature during each
KHS data collection season. To integrate data that were collected using different
methodologies and under different timescales, we aggregated each early life
social variable for each season. First, we calculated the average proportion of
focal scans that immatures were in parties with adult males and within 5 m from
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their mothers. To quantify attraction to available adult male social partners we
calculated the proportion of follows that the focal was within 5 m of at least one
adult male given that one was available during the follow. Aggression displayed
was calculated as the rate of aggression displayed by each immature per hour
observed for each season. Then we used z-scoring to center each variable since
the variables spanned very different scales. We calculated age for each
immature at the midpoint of each KHS season.
We constructed a GLMM with a negative binomial error distribution and an
offset for KCP observation hours to model aggression received according to age,
sex, party level exposure to males, spatial independence from mothers, attraction
to available adult males, and differences in the use of aggression. We included
random effects for season and individual nested within mother. A correlation
matrix of all predictor variables indicated that there were no explicit violations of
independence between predictors, however, it was still possible that predictors
would interact with one another to impact aggression received. Additionally, initial
visual analyses indicated that age and sex might interact with early life sociality
to effect aggression received (Fig. S1). Therefore, we built an initial full model
that included all possible two-way interactions between variables. From this full
model, we used the dredge function (R package MuMIn ver. 1.43.15, Bartoń,
2019) to determine which main and interactive effects should remain in the final
model through iterative model comparison. This function takes and iterative
approach to model testing by building and comparing every possible explanatory
model from the terms included in the full model. Model Selection (Dredge)

134

Results: The final model reported here was selected using several criteria. First,
we selected all of the top-ranked plausible models (n = 5) with AIC within 2 of the
top model because this small difference indicates that the models are similarly
valuable in explaining the response variable. All five plausible models included
main effects of aggression displayed per hour, age, and time spent > 5 m from
mothers (Table S3). They also all included a negative interaction between
aggression displayed and age.
Next, we compared the Akaike weight of the top plausible models, which
reflects the weighted probability that it is the best model given all of the other
models being compared (Burnham and Anderson, 2002). The weight of the top
model was nearly twice the weight of the second and third best models and more
than three times the weight of the fourth. Therefore, we report the results of the
best model. Two additional terms were included in the best model: exposure to
adult males and the interaction between age and time spent beyond 5 m of
mothers, which were also included in four of the top five models.
Finally, we compared the importance, the proportion of all possible models
which includes a given predictor as significant, of each potential model
parameter. The main and interactive effects in the top model had an importance
of 0.5727-0.9998 (Table S4), indicating that they were significant in a minimum of
0.57 of the possible models. One predictor, proximity to adult males, had
importance of 0.6358, higher than the lowest importance of the predictor in the
best model. However, as proximity to adult males was only included in one of the
top models (Table S3), and its inclusion did not significantly improve model fit, we
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selected the simpler model with higher weight. No other predictors had
importance of higher than 0.5. For these reasons, we reported results of the top
model identified by the dredge.
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Table S4: Top model results from multimodel selection procedure (R package
MuMin, dredge function)
Model Rank
Iteration
Degrees of Freedom
logLikelihood
AIC
Delta (AIC)
Weight

1
2097752
11
-88.8447
205.1894
0.0000
0.1030

Model Parameters:
(Intercept)
Age
Spatial Independence
Exposure to Adult Males
Proximity to Adult Males
Aggression Displayed
Sex
Age : Spatial Independence
Age : Exposure to Adult
Males
Age : Proximity to Adult Males
Age : Aggression Displayed
Age : Sex
Spatial Independence :
Exposure to Males
Spatial Independence :
Proximity to Males
Spatial Independence :
Aggression Displayed
Spatial Independence : Sex
Exposure to Adult Males :
Proximity to Adult Males
Exposure to Adult Males :
Aggression Displayed
Exposure to Adult Males : Sex
Exposure to Adult Males :
Aggression Displayed
Proxmity to Adult Males : Sex
Aggression Displayed : Sex
offset(log(obs_hours))
+

2
3
4
5
2097760 2105880 2097748 2105944
12
11
10
12
-87.6794 -89.5418 -91.2054 -88.2231
205.9971 206.5835 206.9007 207.0844
0.8077
1.3941
1.7113
1.8951
0.0688
0.0513
0.0438
0.0399

-4.6158
0.8329
-0.4987
-0.9926
2.6941

-4.3670
0.8673
-0.4095
-1.3605
0.1310
2.8243

0.4314

0.3872

-1.3081

-1.3881

-4.2749
0.2386
-0.2412
-1.0234

-5.3640
0.6348
-0.6544

-4.3805
0.6344
-0.3849
-1.0717

4.8575

2.4674

3.7373

0.3599

0.2991

-1.1873

-1.5238

-1.8043

0.9032

+

+

0.4687

+

+

Cells values represent significant effect sizes (p < 0.05) for each term included in
each model. Blank cells indicate that a given predictor was not significant and not
included in a given model.
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Table S5: Predictor variables, interaction terms, and their importance from
multimodel selection procedure (R package MuMIn, dredge function).

Main Effects:
Aggression Displayed
Spatial Independence
Party-level Exposure to Adult Males
Proximity to Adult Males
Age
Sex
Interactions:
Age : Aggression Displayed
Age : Spatial Independence
Age : Exposure to Adult Males
Age : Proximity to Adult Males
Sex : Aggression Displayed
Sex : Spatial Independence
Sex : Exposure to Adult Males
Sex : Proxmity to Adult Males
Aggression Displayed :
Spatial Independence
Aggression Displayed :
Exposure to Adult Males
Aggression Displayed :
Proximity to Adult Males
Spatial Independence :
Exposure to Adult Males
Spatial Independence :
Proximity to Adult Males
Exposure to Adult Males :
Proximity to Adult Males
Age : Sex

Model Importance
0.9998
0.9192
0.7908
0.6358
0.9810
0.4210

Best Model
*
*
*
*

0.9621 *
0.5727 *
0.1677
0.1275
0.0741
0.0999
0.0492
0.0599
0.4112
0.1352
0.2057
0.1353
0.1374
0.1174
0.0851

Main effects shortened for ease of interpretation. Main effects and interaction
terms that remained in the final model are identified in bold and denoted with an
asterisk (*).

